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ABSTRACT 
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ABSTRACT 
Plant species and genotypes may differ in phosphorus (P) efficiency through uptake 
efficiency and/or utilization efficiency. However, nothing is known for P efficiency of 
ornamental plants grown on peat-substrates.  
It was found that the mobility of P in peat-substrate was considerably higher 
compared to that in mineral soils, since the effective diffusion coefficient (De) was 
higher. The high value for De was attributed mostly to the low buffer power (b) rather 
than to the impedance factor. Buffer power was two orders of magnitude lower in 
peat-substrate compared to mineral soil. The b in peat-substrate depended on the 
used mineral component. It was positively correlated with oxalate-soluble Fe and Al 
content in the substrate.  
Investigation on physiological uptake parameters showed that maximum P uptake 
rate (Imax) decreased with plant age and with decrease of air temperature for both 
poinsettia and marigold, but it was independent of light intensity. Imax was lower in 
induced plants of poinsettia than in vegetatively growing plants. Michaelis constant 
(Km) and minimum nutrient concentration (Cmin) were not affected by all treatments. 
However, clearly lower Km and Cmin, but higher Imax were observed for marigold 
compared to that for poinsettia. 
Marigold had higher root length density (RLD) and root: shoot ratio, longer root hairs, 
and smaller root radius compared to that of poinsettia. However, the favorable root 
morphological parameters of marigold compared to that of poinsettia were of minor 
importance for exhaustion of the substrate volume, since P was highly mobile in peat-
substrates. Additionally, the optimum yield and quality of both crops were attained at 
12 mg P (CAT-soluble) [L substrate]-1 and the critical level of P in shoot dry matter of 
both crops was the same indicating that both crops had also similar utilization 
efficiency. 
Key words: impedance factor, buffer power, uptake rate, root hairs 
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KURZFASSUNG 
Pflanzenarten und Genotypen können sich in ihrer P-Effizienz unterscheiden, die auf 
einer hohen Verwertungseffizienz und/oder einer hohen Aufnahmeeffizienz beruhen. 
Untersuchungen zur P Effizienz von Zierpflanzen in Torfsubstraten sind jedoch nicht 
bekannt.  
Es konnte gezeigt werden, dass die Mobilität von P in Torfsubstraten aufgrund des 
höheren effektiven Diffusionskoeffizienten (De) deutlich höher war als in 
Mineralböden. Der hohe Wert für De war vor allem durch die geringere Pufferung (b) 
und weniger durch den Impedanzfaktor bedingt. Die Pufferung war im Torfsubstrat 
um zwei Größenordnungen niedriger als im Mineralboden und abhängig von der 
eingesetzten mineralischen Komponente. Die Pufferung war positiv korreliert mit dem 
Oxalat-löslichem Fe und Al-Gehalt im Substrat  
Untersuchungen der physiologischen Aufnahmeparameter an Poinsettien und 
Tagetes zeigten, dass die maximale Aufnahmerate (Imax) von P mit dem Pflanzenalter 
und der Lufttemperatur abnahm und es keinen Zusammenhang mit der Lichtintensität 
gab. Bei Poinsettien war Imax geringer bei induzierten als bei vegetativ wachsenden 
Pflanzen. Michaelis Konstante (Km) und die minimale Nährstoffkonzentration (Cmin) 
waren unbeeinflusst von allen Behandlungen. Deutlich geringere Km und Cmin-Werte 
aber ein höherer Imax Wert waren bei Tagetes im Vergleich zu Poinsettien zu 
beobachten. 
Tagetes hatte eine höhere Wurzellängendichte (RLD), ein größeres Wurzel/Spross-
Verhältnis, längere Wurzelhaare und einen geringeren Wurzelradius verglichen mit 
Poinsettien. Die günstigeren morphologischen Wurzelparameter von Tagetes waren 
jedoch für die Ausschöpfung des Bodenvolumens von geringerer Bedeutung, da P in 
Torfsubstraten sehr mobil war. Optimales Wachstum und beste Qualität beider 
Zierpflanzen wurden bei 12 mg P (CAT-löslich) [L Substrat]-1 erreicht; der 
Ertragsgrenzwert für P in der Sprosstrockenmasse war für Tagetes und Poinsettien 
identisch, d.h. die Verwertungseffizienz war gleich. 
Schlagwörter: Impedanzfaktor, Pufferung, Aufnahmerate,  Wurzelhaare
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GENERAL INTRODUCTION 
The international trade of ornamental plants is a big business in the global economy 
(Videa, 2002). However, the quantity and quality of the flowers for sale all reflect the 
consumer satisfaction and changing demands of the world market. These crops are 
usually grown with high phosphorus (P) fertilization on peat-substrates. Thus, 
optimization of plant quality by formation of plants by mild P stress and prevention of 
P toxicity by optimum nutrition of the plant and adaptation of fertilizer program may 
enable the growers to produce high quality crops and to control the production cost.  
1. Phosphorus as a nutrient 
Phosphorus (P) plays a fundamental role in photosynthesis, respiration, and 
regulation of a number of enzymes (Raghothama, 1999; Abel et al., 2002). However, 
orthophosphate as the preferred form for assimilation is not easily accessible to most 
plants, because plants can only take up P from the soil solution and the level of P in 
soil solution is regulated mainly by its interaction with organic or inorganic surfaces in 
the soil. The greater proportion of P is adsorbed at minerals and the adsorption 
capacity varies greatly among the mineral soils (Nye, 1979). It is adsorbed to iron and 
aluminum oxide content as well as surfaces of calcium and magnesium carbonates, 
converted to organically bound forms, or insolubly precipitated with common cations 
like iron, aluminum, and calcium (Holford, 1997; Rausch and Bucher, 2002).  
Plant species differ greatly in the uptake, accumulation and use of P (Clark, 1983; 
Adu-Gyamfi et al., 1989). It was reported that the uptake patterns of various plant 
species enhances the solubilization of alkaline rock phosphates (Hoffland et al., 
1989). Also, the organic form of P is a considerable fraction in soils (30-80%) which 
has to be mineralized before it becomes available to plants (Raghothama, 1999).  
Phosphorus deficiency has many effects that result in quantitative decreases in the 
rate of growth, and ultimately yield. More efficient utilization of P reserves by crops 
depends on the supply by the medium and the capacity of plant root system for 
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uptake (Fried and Shapiro, 1961). In order to overcome P deficiency, its supply to 
plant roots must somehow be increased or plant must fit to the supply capacity of the 
soil.  
2. Phosphorus supply to the root  
Interactions between P availability in the soil and its acquisition by the plant determine 
the P supply of the plant. Its availability depends on present quantity, replenishment 
capacity and its mobility in the soil (Jungk and Claassen, 1989). The available P for 
plants is only the present quantity in soil solution or the amount in equilibrium with 
that (Hoffmann and Jungk, 1995). Thus, low P concentration in the soil solution might 
be a major factor limiting plant growth in many ecosystems where its concentration is 
commonly less than 1 µM and in most soils it seldom exceeds 10 µM (Barber, 1995; 
Raghothama, 1999). In fact the total transport of nutrients in the soil towards the root 
is assumed as the sum of mass-flow and diffusion. It was observed that only a small 
fraction of taken up P by plants (< 4%) reaches the root by mass-flow in mineral soil, 
and diffusion has a main role on movement of this ion (Claassen and Steingrobe, 
1999).  
2.1. Mass flow and diffusion 
The rate at which P and water are taken up is important to generate the driving force 
for movement of P through the soil by mass-flow of soil solution. Also, the nutrient will 
move from the zone of higher concentration to the lower concentration by diffusion if 
the concentration of the nutrient at the root surface is different from that in the bulk 
soil solution (Barber, 1995).  
2.1.1. Mass flow  
The amount of nutrient being transported by mass flow (MF, µmol cm-2 s-1), is given 
by the product of the volume of water absorbed (V0, cm3 cm-2 s-1) and the 
concentration of the nutrient in the soil solution (Cli, µmol cm-3): 
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li0 CVMF ×= ,                                                                                                              (1) 
2.1.2. Diffusion 
In principle diffusion in water follows Fick's first law which states that diffusion is 
proportional to the concentration gradient (Barber, 1995; Jungk and Claassen, 1997). 
( )∆c/∆xDFD ×−= ,                                                                                                     (2) 
Where, D (cm2 s-1), is the diffusion coefficient in uniform medium, x/c ∆∆ (µmol cm-3 
cm-1) is the concentration gradient. The minus sign indicates that movement is from 
higher to the lower concentration. In the Fick’s first law the diffusion coefficient, D, 
replaced with effective diffusion coefficient (De, cm2 s-1) to consider the effective soil 
parameters on diffusion coefficient (Nye, 1979):  
 ( )1/bθfDD Le ×= ,                                                                                                       (3) 
where, DL, is the diffusion coefficient of H2PO4- in water at 25 °C; θ is the volumetric 
water content; f is the impedance factor and b is the buffer power which was 
calculated as the ratio between available P in the solid phase (Cs) and soil solution P 
(Cli) (Nye, 1979). The buffer power is often defined by lis /dCdC  which can be 
simplified as lis C/C ∆∆ (Claassen and Steingrobe, 1999). Volumetric water content (θ) 
is important for normalizing of b and also for the value of f. For un-buffered nutrients 
which are not adsorbed by the soil, e.g., NO3-, Cl-, and Br-, the value for 1/bθ ×  is 
constant and equal to 1, hence for these nutrients: 
fDD Le = ,                                                                                                                    (4) 
Thus, in this case De is only influenced by f (Nye, 1979). The value of f is equal to 1 
for free solutions such as water. Therefore, the variation in water content in the soil 
affects the range of pore sizes that remain water-filled and increasing soil moisture 
decreases the tortuosity of the diffusion path and hence increases the f. 
Consequently, the effective diffusion coefficient (De) is less than that in the free 
solution (D).  
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2.2. Impedance factor and buffer power 
Pore volume and P sorption capacity of peat-substrates are the main factors, which 
may have an important role affecting f and b (Brückner, 1997). Considerable research 
has been conducted regarding the development of media with optimal physical and 
chemical properties (Di Benedetto and Klasman, 2004). For many years, various 
ornamental plants are grown in peat-substrates containing clay (is called afterwards 
mineral component), since the pore volume, water holding capacity, cation exchange 
capacity and P sorption capacity are influenced as physical and chemical properties 
of peat-substrates by addition of fine fraction of mineral components (Verhagen, 
2004). The volume of pores which filled with water, may affect the dynamics of ions in 
the substrate through changing the pathway, since the cross-section available for 
diffusion is affected. Additionally, increasing solids per unit volume by adding fine 
mineral components may also be expected to restrict physically the diffusion path 
(Warncke and Barber, 1972a).  
Buffer power of soils depends on the change of the P concentration in the soil 
solution and the rate of replenishment from the solid phase (Barber, 1995; Marschner, 
1995). It was demonstrated that mineral components have a stronger affinity for P 
ions than for most other anions such as sulphate and bicarbonate (Hinsinger, 2001). 
Linquist et al. (1997) showed that P sorption is higher for smaller soil aggregates. 
Furthermore, P strongly interacts with surface-active sesqui-oxides and hydrates of 
mineral components (Marschner, 1995). Thus, its adsorption is influenced by 
properties such as the types of mineral component as well as the Fe and Al oxide 
content in the soil (Lima et al., 2000; Zhang et al., 2005).  
However, for peat-substrates which are commonly used in large scale for horticultural 
production, nothing is known about De and the mobility of P, since b and f were not 
yet determined.  
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3. P efficiency 
Nutrient efficiency can be defined as the ability of plant species or varieties to obtain 
high yield at low nutrient supply. Plant species differ extensively in the uptake and use 
of mineral elements (Clark, 1983). This ability is often formed by uptake efficiency 
which is the superior ability of plants to acquire P from the soil through alterations in 
root morphology, exudation of P mobilizing compounds, and adaptation of P 
transporters (Raghothama, 1999). Additionally enhanced P use efficiency could be 
involved in this ability through lower cellular P requirements or more efficient 
remobilization of P within the plant (Kochian et al., 2004). Therefore, the genetically 
based variation in the ability of plants to tolerate P deficiency stress is a trait which is 
termed P efficiency. 
3.1. P uptake efficiency 
Because of the low availability of P in the soil, plants have evolved numerous 
adaptive mechanisms to acquire P from the soil such as increase in root proliferation 
in a large volume of soil, specialized root structures, root-mediated changes in 
rhizosphere chemistry, association of roots with vesicular-arbuscular mycorrhizae 
(VAM), and adaptation of root physiological parameters. Long root hairs and high 
root: shoot ratio was observed for some crops cultivated in mineral soils as significant 
morphological root characteristics contributing to the P uptake efficiency (Föhse and 
Jungk, 1983; Föhse et al., 1988; Itoh and Barber, 1983; Gahoonia and Nielsen, 1996 
and 1997; Eticha and Schenk, 2001; Bhadoria et al., 2004). 
3.1.1. Root hairs  
Root hairs emerge and elongate in a zone several millimeters behind the root tip in 
most species and its length varies greatly within and between species (Clarkson, 
1985; Hofer, 1996) and depends on supply of P, NO3 and Fe (Hoffmann and Jungk, 
1995; Bates and Lynch, 1996; Föhse and Jungk, 1983; Schmidt et al., 1999). 
Furthermore, it was also reported that root hair growth is as well induced by water 
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shortage in mineral soil (Reid and Bowen, 1979). However, not all plant species 
respond to nutrient deficiency with increased root hair length. Dechassa et al. (2003) 
observed no difference in root hair length in cabbage (Brassica oleraceae L. cv. 
Farao), carrot and potato cultivated in mineral soil at different P supply. Long root 
hairs are highly efficient to acquire immobile nutrients from mineral soil such as 
phosphate by extending the depletion zone (Föhse et al., 1991; Bates and Lynch, 
2001). However, for mobile nutrients such as potassium longer root hairs are 
insignificant for its depletion (Claassen and Steingrobe, 1999).  
3.1.2. Root/shoot ratio 
Reduced shoot growth and increased root: shoot ratio was frequently reported for P 
deficient plants (Parks et al., 2000; Whiteaker et al., 1976). Reduction of leaf 
expansion and reduced leaf initiation are reported as a direct explanation for the 
decrease of shoot growth under P deficiency (Lynch et al., 1991). Decreased root 
hydraulic conductance and reduced transport of cytokinins from root to the shoot 
were also expected to be the reasons for reduced leaf expansion and initiation 
(Salama and Wareing, 1979). High root: shoot ratio was reported to be the reason for 
P uptake efficiency of wheat, ryegrass (Föhse et al., 1988), and maize (Bhadoria et 
al., 2004). Also, preferential root distribution in the top soil was identified for bean as 
root morphological trait of P efficiency (Lynch and Brown, 2001). If a plant species 
has a higher root: shoot ratio the P demand per unit length of root will be lower than 
for a species having a lower root: shoot ratio.  
3.1.3. Specialized roots 
Plants with specialized root structures (e.g., cluster roots) are also efficient in P 
uptake (Neumann and Martinoia, 2002). This type of roots develops on root systems 
of a range of species belonging to a number of different families (e.g., Proteaceae, 
Casuarinaceae, Fabaceae and Myricaceae). Their morphology is variable but 
typically, large numbers of determinate branch roots develop over very short 
distances of main root axes (Shane and Lambers, 2005). Cluster roots are an 
GENERAL INTRODUCTION 
 9 
adaptation for nutrient acquisition from low fertility soils. Proteaceae are famous for 
their root modifications (proteoid roots) that enhance P uptake (Handreck, 1997). 
These plants are adapted to grow well under low P availability. 
3.1.4. Mycorrhizal symbiosis 
In addition, a large volume of soil could be explored by mycorrhizal symbiosis to 
enhance the quantity of immobile ions and their availability to plants, which can be 
accounted for an increase in P uptake at low concentration in the soil (Bolan, 1991). 
The effect of mycorrhizal symbiosis is primarily based on improved uptake of 
nutrients, especially for P under low fertility conditions (Marschner, 1995). The 
carbohydrate requirement of fungal association may depress the growth of 
mycorrhizal plants (Pfeffer et al., 1999). However, the effects of mycorrhizae on P 
uptake and ultimately plant growth are higher than the carbon costs (Grandcourt et 
al., 2004). Roots of most vascular plants except for a few families mainly belonging to 
the Chenopodiaceae, Crucifereae, Cyperaceae, Juncaceae and Proteaceae are 
associated with Vesicular-arbuscular mycorrhizae (VAM) under natural conditions, in 
nearly all soils (Bolan, 1991). It was reported that number of flowers and shoot and 
root fresh weights of marigold, which were planted in the soil significantly increased 
when inoculated with VAM (Aboul-Nasr, 1996). A high correlation was also found 
between P uptake by marigold and VAM hyphae length at limited P supply in the soil 
(Abou El Seoud, 2008).  
3.1.5. Rhizosphere chemistry 
The excretion of root exudates such as malate and citrate (Dechassa and Schenk, 
2004; Hinsinger, 2001) or protons into the rhizosphere (Neumann and Römheld, 
1999; Ryan et al., 2001) are some root-mediated changes in the rhizosphere 
chemistry aimed at increasing P availability. Root exudation is largely dependent on 
the nutritional status of the plant and e.g. occurs in response to P deficiency. Organic 
anions excreted from root form complexes with Ca, Al and Fe and thus dissolve P 
bound to these nutrients and release it for uptake by plant (Marschner, 1995). 
GENERAL INTRODUCTION 
 10 
Additionally, organic anions can desorb P from sesqui-oxide surfaces by anion 
exchange (Bolan et al., 1994; Hinsinger, 2001; Dakora and Phillips, 2002). 
Phosphatase exudation was also reported to hydrolyze and solubilize inorganic P 
from soil organic phosphates, which are estimated to account for about 30-80% of 
total P in mineral soils (Gilbert et al., 1999).  
3.1.6. Physiological uptake kinetics 
Plants may also adapt its root physiological uptake parameters under nutrient 
starvation. The uptake of nutrients by plants follows the saturation kinetics of 
Michaelis-Menten, the same that define enzyme activity (Marschner, 1995), which 
can be described by three parameters, a) maximum uptake rate (Imax), which occurs 
under saturating nutrient concentration where all the available binding sites are 
loaded, b) Michaelis constant (Km), which is nutrient concentration where the actual 
uptake equals half the Imax and c) minimum nutrient concentration (Cmin) below which 
no net uptake can occur (Barber, 1995). The higher Imax means the high availability of 
transporters and the lower Km means the higher affinity between the transporters and 
ions. Imax and Cmin differ considerably among plant species (Schenk and Barber, 
1980; Brewster et al., 1976a; Bhadoria et al., 2004; Deressa and Schenk, 2008). As a 
common value for many crops the Km of 5 µM for P was reported by Barber (1995); 
however, the higher and lower Km value was also reported for other crops (Jungk et 
al., 1990; Föhse et al., 1991; Schenk and Barber, 1980; Bhadoria et al., 2004; 
Deressa and Schenk, 2008). Roots are able to alter the uptake kinetics in response to 
low P availability based on their demand, particularly by increasing Imax (Nielsen and 
Barber, 1978; Schenk and Barber, 1980; Jungk et al., 1990), whereas changes in Km 
and Cmin are of minor importance in this process (Raghothama, 1999). It was implied 
that the Imax is related to nutrient demand (Nye and Tinker, 1977), and the nutrient 
demand is also related to the plant growth rate. 
3.1.7. Relationship between relative growth and uptake rates 
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The relative growth rate (RGR) generally declines with plant age (Hunt, 1982) and is 
highly affected by environmental conditions, e.g. temperature, light intensity and 
photoperiod. Plant species may have different photosynthetic capacities as either a 
strong or weak light intensity response (Hodges and Barber, 1983). The integrated 
control of light intensity, photoperiod and day/night temperature may also affect the 
quality of some ornamental crops (Bodson and Verhoyen, 2000; Vogelezang, 2000).  
The change in RGR under fluctuating environmental conditions may influence the P 
uptake rate. A linear relationship between Imax for P and RGR of pine seedlings 
(Cheaib et al., 2005) and between Imax for NO3 and RGR of wheat and lettuce 
(Rodgers and Barneix, 1988; Steingrobe and Schenk, 1994) was reported. Similarly, 
decrease of uptake rate by plant age was reported for cotton (Nayakekorala and 
Taylor, 1990), wheat and rice (Bhattacharyya and Datta, 2005), maize and groundnut 
(Bhadoria et al., 2004), corn (Edwards and Barber, 1976), and potato cultivars (Sharifi 
and Zebarth, 2006). Plant species with a larger root system may also compensate the 
lower uptake rate, and thus the P demand may be satisfied by the smaller Imax 
(Barber, 1995). 
In mineral soil, however the improved root morphology such as higher root length 
density, smaller root radius, longer root hairs, and higher root growth rate are 
relatively more important than kinetic parameters in P acquisition to explore more P 
from a large volume, since P in soil is immobile and its concentration in soil solution is 
considerably low (Bieleski, 1973; Nye, 1977; Jungk and Claassen, 1997). Thus, the 
diffusion to the root surface is mostly the rate limiting step in P acquisition by plants 
and not the rate of transport across the membrane (Nye, 1977; Chapin, 1980; Barber, 
1995). However, significance of uptake kinetics is not yet evaluated for peat-
substrates.   
3.2. P utilization efficiency 
Plants can obtain high yield and produce more biomass with a low P concentration in 
their dry matter, through lower cellular P requirements or more efficient remobilization 
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of P within the plant (Claassen and Steingrobe, 1999; Kochian et al., 2004). The 
mechanism of internal P utilization efficiency is not yet clarified. However, the ability 
of plant to recycle P in the plant is dependent on the activity of enzymes such as acid 
phosphatase and ribonuclease, where an increase in the activity of both enzymes 
was reported (Shinano et al., 2005). These enzymes may be involved in hydrolyzing 
of organic compounds to mobilize and recycle P in the plant (Duff et al., 1994). 
Therefore, some plants are considered as use efficient plants generally through their 
lower cellular P requirements to maintain normal metabolic activities or developing of 
strategies to more efficient internal remobilization of P so that all organs receive 
adequate amounts of phosphorus, especially new growing organs.  
4. Modeling of plant and substrate parameters  
Mechanistic models of nutrient uptake have been developed over the last three 
decades in order to evaluate the parameters involved in nutrient transport to the root 
surface and uptake by the plant. Nye and Spiers (1964) constructed the first steady-
state model of mass flow and diffusion of nutrients to the root surface. Further 
developments included Michaelis-Menten uptake kinetics (Barber and Cushman, 
1981; Claassen and Barber, 1976; Cushman, 1979; Nye and Marriott, 1969). Then, 
the model was modified with including the effects of new root growth to allow 
development of the depletion zone over time (Smethurst and Comerford, 1993). 
Later, the mechanistic simulation model (NST 3.0) described by Claassen and 
Steingrobe (1999) additionally considers root morphological traits such as root radius, 
root hairs as well as the competition between roots. Also, the contribution of 
mycorrhiza to P uptake can be described (Deressa and Schenk, 2008). However, the 
mobilization of P by root exudation is not yet considered in the model. 
5. Phosphorus demand for optimum yield 
The critical concentration is usually defined as the nutrient concentration that is just 
sufficient for maximum growth (usually 90% of maximum yield) (Ulrich, 1952). This 
range as determined experimentally, is a narrow range of nutrient concentrations, 
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above which the plant is amply supplied with nutrients (luxury consumption), and 
below which the plant is deficient. However, for ornamental crops not only the 
optimum yield production, but also the plant performance and maintenance quality is 
also important to be considered for determining of critical P level.  
One of the more important quality parameters is the control of plant height which may 
improve the aspect and facilitate the handling and marketing. This parameter is most 
traditionally regulated by application of growth retardants such as Cycocel, B-Nine, 
and Bonzi (paclobutrazol) (Armitage, 1993; Dole and Wilkins, 1999). However, tighter 
restrictions have recently been placed on chemical use in agriculture, so non-
chemical alternatives have received a great deal of attention to regulate plant growth 
in recent years (Cox, 2001). The height of ornamentals particularly poinsettia can also 
be controlled more ‘naturally’ using a negative DIF (difference between day and night 
temperature) (Dole and Wilkins, 1999; Vogelezang, 2000). However, in recent years, 
P starvation is also considered as an effort to control the height of some ornamental 
bedding plants (Borch et al., 2003). According to the numerous reports low P 
availability restricted growth of shoot and strengthened root activity for many crops 
(Föhse et al., 1988; Bhadoria et al., 2004; Nielsen et al., 2001). Restricted P 
availability with a buffer technique is called a new method to regulate growth of 
ornamental plants (Hansen and Nielsen, 2001). But, leaf area and shoot dry matter of 
marigold were both reduced under limited P availability (Borch et al., 2003).  
Low P fertility is risky strategy that may cause unacceptable reductions in plant 
quality. Also, excessive P application in greenhouse may induce toxicity symptoms 
and reduce the growth and quality for a number of plant species (Nichols and 
Beardsell, 1981; Parks et al., 2000). The physiology of P toxicity is not well 
understood (Shane et al., 2004), however, the growth inhibition, early leaf 
senescence, inhibition of starch synthesis, and chlorotic and/or necrotic regions on 
leaves are generally symptoms of P toxicity (Asher and Loneragan, 1967; Marschner, 
1995; Parks et al., 2000; Lambers et al., 2002).  
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Thus, limiting the concentration of available P (Cs) to a level that fit the demand of 
crops for optimum growth may be important for horticultural crops in the greenhouse, 
since they are normally fertilized heavily.  
Therefore, in this study two representative ornamental plant species were selected in 
order to evaluate the P efficiency of ornamental plants.  
6. Representative ornamental plants 
Marigold (Tagetes patula cv. ‘Nana Orange Jacket’) is propagated by seeds and is 
grown as bedding plant, basket flower, cut flower and pot crop in the most parts of the 
world. Its petals are also used as coloring agents that contain high levels of 
xanthophylls (Dole and Wilkins, 1999; Chi-Manzanero et al. 2000). Marigold is a 
genus of Asteraceae family and an herbaceous crop with aromatic divided leaves. Its 
seeds germinate quite rapidly within 2-3 days at 25 °C. Marigold flowers under all 
photoperiod in the temperature range of 17 to 18 °C, however, in the temperature 
range of 21 to 24 °C it flowers only under short photoperiod (Dole and Wilkins, 1999). 
Different responses for photoperiod between marigold cultivars, hybrids, and species 
were reported and long days delayed the flowering of most cultivars (Dole and 
Wilkins, 1999).  
Poinsettia (Euphorbia pulcherima cv. ‘Premium Red’) is commercially propagated by 
terminal stem cuttings taken from mother plants (Dole and Wilkins, 1999). It is grown 
as a major ornamental pot crop in the world, especially in the west countries. Its late-
season growth habit and vibrant bract colors have strongly influenced its importance 
as ornamental decorate for the Christmas season, hanging basket plant and 
occasionally as a cut flower and landscape shrub. Poinsettia is a genus of 
Euphorbiaceae which were divided into free-branching and restricted branching 
patterns (Dole and Wilkins, 1999). For production of vegetative cuttings and multi-
flowered pot plants, the free-branching characteristic is important. Thus, most 
commercial cultivars are free-branching. Poinsettia is an obligate short day plant and 
its flower induction is mostly affected by photoperiod and temperature (Wang et al, 
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2003). Differences between cultivars for the number of days from initiation to the first 
bract color in response to photoperiod were also reported (Wieland et al., 2000).  
7. Significance and scope of the study 
Based on the literature and presented knowledge, this research was aimed at 
investigating the dynamics of phosphorus (P) as well as the parameters involved in P 
transport to plant roots in peat-substrates, efficiency of selected ornamental plants 
grown in the greenhouse on these substrates under specific environmental 
conditions, and characteristics of P uptake kinetics of these crops grown in nutrient 
solution under varied environmental conditions at different developmental stages. The 
plant and substrate parameters will also be evaluated using mechanistic simulation 
model (NST 3.0) described by Claassen and Steingrobe (1999).  
The mobility of P in peat-substrates is discussed in chapter 1, characteristics of 
phosphorus uptake kinetics of ornamental plants are discussed in chapter 2, and 
finally phosphorus efficiency of ornamental plants in peat-substrates and plant quality 
aspect are discussed in chapter 3. 
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CHAPTER 1 
PHOSPHORUS DYNAMICS IN PEAT-BASED SUBSTRATES 
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Abstract 
The mobility of nutrients in soils is well characterized, whereas little information is 
available for common horticultural substrates based on peat. Aim of the current study 
was to investigate the mobility and dynamics of phosphorus (P) as well as the 
parameters involved in P transport to plant roots in peat-substrates. A series of 
experiments was run to determine the impedance factor (f) and the buffer power (b). 
The impedance factor was determined for black peat, and black peat mixed with 20% 
and 40% (v/v) of mineral component at volumetric water content (θ) of 40, 50, 60, and 
70% and at different diffusion time. Buffer power was calculated for black peat and 
black peat mixed with 20% (v/v) of seven different mineral components. Phosphorus 
was applied at rates of 0, 35, and 100 mg L-1 substrate, respectively. The impedance 
factor was not affected by addition of the mineral component to peat. However, f 
increased from 0.03 to 0.2, by increasing θ from 40 to 60%, indicating that water 
content has a significant effect on this parameter. Substrate solution P ranged from 
0.3 - 27 and 1 - 95 mg P L-1 solution for the P application rate of 35 and 100 mg P L-1 
substrate, respectively. Buffer power of the substrates ranged from 1 to 17.25 
depending on the mineral component and it was positively correlated with oxalate-
soluble Fe and Al in the substrate. The calculated effective diffusion coefficient for P 
in the substrate was in the range of 10-7 to 10-8 cm2 s-1. This high value could be 
attributed mostly to the low buffer power rather than to the high impedance factor.  
 
Key words: Impedance factor/ buffer power/ substrate solution P/ mineral component 
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1. Introduction 
The availability of nutrients to plants depends on their mobility in the soil, where 
transport towards the root occurs via mass flow and diffusive flux (Barber, 1995). The 
amount of nutrients transported to the root surface via mass flow depends on the 
nutrient concentration in the soil solution and the amount of water transpired by the 
plant. Diffusive flux, the movement of nutrients towards a root surface caused by a 
concentration gradient, is affected by the effective diffusion coefficient, De (Nye, 
1966): 
( )1/bθfDD Le ×= ,                                                                                                        (1) 
where, DL is the diffusion coefficient of solute in water (cm2 s-1), θ is volumetric water 
content (cm3 cm-3), f is the impedance factor and b is the buffer power of the soil. 
Extension of the depletion zone around roots increases with De and this may lead to 
inter-root competition for mobile nutrients such as nitrate and potassium. However, for 
P root competition in mineral soils is unlikely, because the buffer power for P is 
generally high (Jungk and Claassen, 1997). The range of De for NO3, K, and P in 
mineral soils is 10-6 to 10-7, 10-7 to 10-9, and 10-8 to 10-11 cm2 s-1, respectively (Barber, 
1995). High buffer power leads to small De, which limits the diffusion of P to the root 
surface (Nye, 1979; Barber, 1995). Buffer power of soils depends on the change of 
the P concentration in the soil solution and the rate of replenishment from the solid 
phase (Barber, 1995; Marschner, 1995). Furthermore, P strongly interacts with 
surface-active sesqui-oxides and hydrates of mineral components (Marschner, 1995). 
Thus, its adsorption is influenced by properties such as the types of mineral 
component as well as the Fe and Al oxide content in the soil (Zhang et al., 2005).  
The impedance factor (f), which describes the tortuosity of the diffusive pathway, is 
also an important factor affecting nutrient mobility in the soil (Warncke and Barber, 
1972a). A high impedance factor causes a larger De and increases the diffusion of P 
to the root surface (Nye, 1979; Barber, 1995). An increase of f with an increase of θ 
was reported for mineral soils (Barraclough and Tinker, 1981; Bhadoria et al., 1991a). 
However, reports on the influence of bulk density on f are not consistent. So and Nye 
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(1989) observed little effect of bulk density on f, whereas Barraclough and Tinker 
(1981), and Bhadoria et al. (1991b) found a decrease in f with an increase of bulk 
density. On the other hand, Warncke and Barber (1972b) reported an initial increase 
and then a decrease of f with further increase of bulk density.  
However, for peat-substrates that are commonly used for horticultural production, 
nothing is known about De and the mobility of nutrients, since b and f were not yet 
determined. The current study was aimed at evaluating the influence of b and f on the 
effective diffusion coefficient of P in substrates mixed with mineral components, as 
these are commonly used in the substrate industry.  
2. Materials and methods 
2.1. Impedance factor (f) 
The anion exchange membrane method described by Barraclough and Tinker (1981) 
was modified and used to determine the effective diffusion coefficient (De) in order to 
calculate f of the substrate. PVC cells (VITLAB, Landgraf Laborsysteme HLL GmbH, 
Langenhagen, Germany; www.vitlab.de) having 28 mm diameter, 49 mm height and a 
volume of 30 cm3 were used. An anion exchange membrane (BDHA551642S, VWR 
International Ltd., Poole, BH151TD, England) was immersed in double-distilled water 
for 24 h, and then bathed 3 times for 30 min in 1 M CaCl2 solution to completely 
saturate the membrane with Cl-. 
The following substrates were prepared on the basis of volume weight from black 
peat, which was passed through a 2 mm sieve, and ground mineral component (Tab. 
1, F): 100% black peat, 80% black peat + 20% mineral component, and 60% black 
peat + 40% mineral component. Substrates were mixed with CaBr2 solution, so that 
the target volumetric water content and as initial concentration 1.66 µmol Br- cm-3 
substrate were achieved.  
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Table 1: Physical and chemical properties of substrate components 
Texture (%) 
 
Amorphous Al and Fe oxides (g L-1) 
 
 
 
Substrate components Sand Silt Clay Al Fe Sum (Al + Fe) 
Black peat(BP) - - - 
 
0.054 0.093 0.15 
Mineral component A 4.9 29 66.1  0.386 0.445 0.83 
Mineral component B 22.1 16.7 61.2  1.149 17.244 18.39 
Mineral component C 7.2 43.1 49.7  1.921 6.950 8.87 
Mineral component D 9.8 51.7 38.5  1.157 3.639 4.80 
Mineral component E 37.3 36.7 26.0  0.459 0.632 1.09 
Mineral component F 33.0 43.3 23.7  1.263 1.749 3.01 
Mineral component G 19.0 61.6 19.4  0.409 2.961 3.37 
 
The prepared substrates were packed into the PVC cells, covered with a lid and 
stored for 24 h in a water vapor-saturated vessel at room temperature. Then chloride-
saturated membrane discs were carefully pressed on the substrate surface in the 
cells, a PVC disc was put on the membrane and covered by a piece of foam 
enveloped with polyethylene. Finally, the cell was closed with a lid and placed in a 
water vapor-saturated vessel at room temperature. After termination of measurement, 
membrane discs were removed and washed free of substrate particles with distilled 
water. The Br- on the membrane was eluted by bathing three times for 5 min in 10 mL 
0.5 M HNO3 solution. The extracts were combined, the volume was made up to 30 
mL, and Br- was measured by ICP-MS. 
The effective diffusion coefficient was calculated using the following equation 
(Warncke and Barber, 1972a): 
t4C
MD 2
0
2
t
e
pi
= ,                                                                                                                (2) 
where, De (cm2 s-1) is the effective diffusion coefficient, Mt (µmol cm-2) is the total 
amount of Br- that has diffused into the anion exchange membrane in time (t, s), and 
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C0 (µmol cm-3) is the initial uniform concentration of Br- in the substrate. For non-
buffered systems holds θ/b = 1, hence f was calculated (Nye, 1979): 
Le /DDf = ,                                                                                                                   (3) 
where, DL is the diffusion coefficient of solute in water (cm2 s-1). For Br- in water at 25 
°C, the value of 2.08×10-5 cm2 s -1 was used (Parsons, 1959). 
To determinate the optimum diffusion period the substrate 80% black peat + 20% 
(v/v) mineral component was packed into the PVC cells with a bulk density of 0.4 g 
cm-3 determined according to VDLUFA (1991). The volumetric water content was kept 
at 50% and diffusion was run for 2, 4, 6, 12, and 24 h, respectively. To evaluate the 
influence of water content the volumetric water content of black peat substrate 
(100%), 80% black peat + 20% mineral component, and 60% black peat + 40% 
mineral component (bulk density of 0.16, 0.4, and 0.6 g cm-3, respectively, as 
determined according to VDLUFA, 1991) was adjusted to 40, 50, 60, and 70%, 
respectively.  
2.2. Buffer power (b)  
Black peat (BP) which was passed through a 2 mm sieve was mixed with seven 
different ground mineral components (A to G; Tab. 1) in a proportion of 80% BP, and 
20% mineral component (v/v). Phosphorus was applied to each substrate at rates of 
0, 35, and 100 mg P L-1 substrate in the form of Ca(H2PO4)2. The substrate pH was 
adjusted to 5.7 ± 0.2 by adding calcium carbonate at a rate of 4-8 g L-1 substrate (Fig. 
1). Volumetric water content was maintained at 50%. The substrates were 
equilibrated in an oven at 50 °C for 24 h, then at room temperature for 3 d prior to 
determining the amount of P adsorbed to the solid phase which is potentially 
participating in the diffusion (Cs), and prior to measuring the concentration of P in the 
substrate solution (Cli). Our previous work showed that incubation of substrate at a 
temperature of 50 °C for 24 h was closely correlated with CAT-soluble P after 9 
weeks of storage. CAT (0.01 M CaCl2 + 0.002 M DTPA) was reported to be a suitable 
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solution to extract potentially plant-available P (Cs) in horticultural substrates (Alt and 
Peters, 1992). 
Buffer power (b) was calculated as the ratio lis /CC  and the value obtained was used 
to calculate De of P in the substrate using equation 1. For the calculations the 
following values were used: diffusion coefficient of solute in water (DL) 8.9 × 10-6 cm2 
s-1 at 25 °C (Edwards and Huffman, 1959), volumetric water content (θ) 0.5 cm3 cm-3,  
impedance factor (f) 0.083 and 0.09 for 100% black peat and 80% black peat + 20% 
mineral component, respectively.  
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Figure 1: Calibration of pH with calcium carbonate (CaCO3) for black peat and for 
black peat mixed with different mineral components (Min. A – Min. G); 80% black peat 
+ 20% mineral component (v/v). 
2.3. Extension of the depletion zone (∆x) 
The extension of the depletion zone around a root can be calculated using the value 
of De (which is a measure of ion mobility in the soil) according to Syring and Claassen 
(1995): 
tD∆x epi= ,                                                                                                               (4)   
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where, ∆x is the distance from the root surface at which the decrease of 
concentration is 21% of the maximum decrease at the root surface, and t is the time 
(s). 
2.4. Mean half distance between neighboring roots (r1)  
By assuming homogeneous distribution of roots in the substrate the mean half 
distance between neighboring roots (r1) was calculated as (Claassen and Steingrobe, 
1999):  
Lv/r1 ×pi= ,                                                                                                              (5) 
where, v is substrate volume in the pot (cm3), and L is root length (cm plant-1). 
2.5. Soil analysis 
The pH was measured in 0.01 M CaCl2 suspension using a substrate: solution ratio of 
1: 2.5. The total diffusible P in the substrate (Cs) was determined according to Alt and 
Peters (1992) using the CAT extraction procedure (20 g fresh substrate in 160 mL 
CAT-solution, 1 h extraction time). Furthermore, substrate solution was collected by 
centrifugation at 1000 g for 20 min. P concentration in substrate solutions was 
determined according to Murphy and Riley (1962). Amorphous iron (Fe) and 
aluminum (Al) were extracted using 0.2 M oxalate solution (Blakemore et al., 1987) 
and measured by ICP-MS. Particle-size distribution in each mineral component was 
determined using the sedimentation technique (Dewis and Freitas, 1970). The volume 
weight of substrates was determined according to VDLUFA (1991). 
2.6. Statistics 
For each experiment, the treatments were replicated three times. Data were analyzed 
using analysis of variance in SAS (SAS institute Inc., Cary, USA, 1996). Means 
separation was conducted at the 0.05 probability level using the Tukey-Test.  
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3. Results and discussion  
3.1. Impedance factor 
The method used for determination of the impedance factor is based on the 
assumption that the Br- anion is adsorbed immediately upon reaching the anion 
exchange membrane (zero sink assumption). This depends on the loading time of the 
anion exchange membrane and is essentially true for a short loading time. Fig. 2 
shows that running the diffusion up to 6 h resulted in the same f value. However, for 
longer diffusion periods, f decreased significantly. This indicates that the zero sink 
assumption at the substrate-membrane interface was valid only for a short-term 
diffusion period up to 6 h. Barraclough and Tinker (1981) did not observe significant 
differences in the diffusion coefficients of Br- over 24, 48, and 96 h. The shorter 
loading time in the present study may be due to less capacity of the exchange 
membrane as Br- sink. Thus, the f value of 0.09 (i.e. the mean value after 2, 4, and 6 
h of diffusion time at a volumetric water content of 0.5 cm3 cm-3) was used to 
calculate De of P in the substrate. This value is low compared to values observed by 
Barraclough and Tinker (1981) in mineral soils at water content of 0.4 cm3 cm-3. At 
this water content, most of the micro and macro pores in mineral soils are filled with 
water and water tension is close to zero (Brady and Weil, 1999), but in a peat-
substrate at the same water content, only micro pores are filled with water and water 
tension is stronger than -10 kPa (Naasz et al., 2005). Thus, the ions have to move 
through the tortuous pore system, which results in reduction of their diffusion in the 
substrate. 
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Figure 2: Impedance factor of peat-based substrate (80% Black peat + 20% mineral 
component, v/v) as affected by diffusion time (different letters indicate significant 
differences at p<0.05). 
 
Tortuosity of the pathway strongly depends on volumetric water content since the 
cross-section available for diffusion is affected. Additionally, increasing solids per unit 
volume may also be expected to restrict physically the diffusion path (Warncke and 
Barber, 1972a). The results presented in Fig. 3 confirm that f increased similarly with 
increasing θ up to 60% for all substrates regardless of the portion of mineral 
component. A further increase in water content did not affect the impedance factor in 
the substrates with mineral component, resulting in a significantly higher f value for 
the 100% black peat at a θ of 70%. This is because the liquid phase becomes more 
continuous and the diffusion path less tortuous when the volumetric water content is 
increased (Warncke and Barber, 1972a). The increase of f with θ has been reported 
by several authors (Barraclough and Tinker, 1981; So and Nye, 1989; Bhadoria et al., 
1991a, 1991b; Jungk and Claassen, 1997). For the substrates with mineral 
components it can be assumed that the additional water did not significantly increase 
the water-filled pore volume (and thus reduced the length of diffusion path) since in 
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these treatments water saturation was observed (i.e. a water film at the substrate 
surface was visible), which indicated that more water was supplied than necessary to 
fill the pore space. 
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Figure 3: Influence of volumetric water content and mineral component proportion in 
peat-based substrate on impedance factor (different upper case letters indicate 
significant difference at a given volumetric water content and different lower case 
letters indicate significant differences for a given substrate, respectively, at p<0.05).  
 
Increasing solids per unit volume by adding mineral component to the black peat led 
to increased bulk density of the substrates from 0.16 to 0.6 g cm-3. This did not 
significantly affect the impedance factor (Fig. 3). This is in accordance with results 
from So and Nye (1989), who investigated the effect of water content and soil bulk 
density on chloride diffusion in two soils. They observed that soil water had a large 
effect while soil bulk density had a small effect. However, Bhadoria et al. (1991b) 
reported that at the same θ, the impedance factor decreased with increase of bulk 
density. Also, Barraclough and Tinker (1981) found a strong negative effect of bulk 
density on f, which is in contrast to the results presented here. They assumed more 
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fine pores at a higher bulk density, which increased the tortuosity. However, adding 
mineral component to the black peat caused a 10-15% decrease in total pore space 
to 75% (v/v) in the present study. Investigations of Bohne and Wrede (2005) 
demonstrated that in white peat/clay mixtures water capacity was more than 70% 
(v/v). This explains that the increase of bulk density of substrates by adding mineral 
component did not significantly affect the impedance factor. On the other hand, 
Warncke and Barber (1972b) reported that f initially increased with increase of bulk 
density from 1.1 to 1.3 g cm-3 and then decreased with further increase of bulk density 
to 1.6 g cm-3. However, this investigation was done at constant water content on 
weight basis (w/w), leading to variation in water content on the volumetric basis that 
biased the results.  
3.2. Buffer power 
In mineral soils, the greater proportion of P is adsorbed at minerals and the 
adsorption capacity varies greatly among the soils (Nye, 1979). The mobility of P in 
soil depends on the amount of P in the soil solution and its replenishment from the 
solid phase (Barber, 1995). Phosphorus adsorption characteristics are influenced by 
one or a combination of properties such as Fe and Al oxide content as well as type 
and content of mineral components (Zhang et al., 2005). Thus, the effect of mineral 
components, which are commonly used to prepare substrates, on P dynamics was 
investigated. Applying P to different substrates increased CAT-soluble P (Cs) in the 
same pattern as substrate solution P (Cli) (Fig. 4).  
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Figure 4: Effect of P application rate on CAT-soluble P (Cs) and substrate solution P 
(Cli) in black peat and in peat based substrates mixed with different mineral 
components (Min. A - Min. G); 80% black peat + 20% mineral component (v/v). 
 
The highest Cs as well as Cli were observed in black peat (100%) and the lowest in 
the substrate based on black peat + mineral component B. Fig. 4 shows that the 
amount of P necessary to obtain 16 mg Cs at the optimum P level of marigold 
(unpublished data) ranged between 19-100 mg P L-1 substrate depending on mineral 
component mixed with black peat. The concentration of P in substrate solution ranged 
from 0.3-27 and 1-95 mg L-1 solution at P application rates of 35 and 100 mg L-1 
substrate, respectively. For each of the substrates, there was a linear positive 
relationship between Cs and Cli (Fig. 5). However, the slope differed significantly 
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being the highest for black peat (100%) and the lowest for 80% black peat + 20% 
mineral component B. Phosphorus concentration in substrate solution (Cli) at optimum 
Cs varied from 1-17 mg P L-1 solution. These values were considerably higher than 
those reported for agricultural soils (Barber, 1995; Jungk and Claassen, 1997), which 
are in the range of 0.03 to 0.5 mg P L-1 solution. This may be due to the specific 
situation in pots where the whole substrate volume is exhausted by roots and where 
not the mobility of P but rather the amount of plant-available P (Cs) is limits growth.  
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Figure 5: Relationship between CAT-soluble (Cs) and substrate solution P (Cli) in 
black peat and in peat-based substrates mixed with different mineral components 
(Min. A – Min. G); 80% black peat + 20% mineral component (v/v). 
 
As illustrated in Fig. 6, the calculated buffer power (b) resulting from the ratio of Cs 
and Cli decreased with increasing P application rate. The b was highest for 80% black 
peat + 20% mineral component B and lowest for black peat (100%). The highest b 
(17.25) in the fertilized substrates was much lower than reported for mineral soils 
(100-2000; Jungk and Claassen, 1997). Buffer power for black peat was 1-3, 
indicating that there was nearly no P adsorption. Such a low b indicates that P in the 
substrate was more mobile and available for plants than in the soil. However, also for 
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some substrate mixtures with mineral components, such as mineral component A and 
E, a very low b was observed. On the other hand, variation of b of substrate mixtures 
with mineral components was not related to their clay content since mineral 
component A and B had the same clay content (Tab. 1), but a completely different b 
value. Variation between mineral components was related to the content of 
amorphous Fe and Al (Fig. 7).  
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Figure 6: Effect of P application rate on P buffer power in black peat and in peat 
based substrates mixed with different mineral components (Min. A – Min. G); 80% 
black peat + 20% mineral component (v/v). 
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Figure 7: Buffer power as a function of oxalate-soluble Fe and Al in substrates 
fertilized with 35 and 100 mg P L-1 substrate, respectively. 
 
Buffer power increased with increasing in Fe and Al contents of the substrate 
mixtures. The sum of Al and Fe oxides gave a better correlation than Fe and Al alone 
indicating that both influenced P sorption. The results are in agreement with Börling et 
al. (2001) who reported a high correlation between oxalate-extractable Fe and Al with 
P sorption capacity in Swedish soils. The amount of Al and Fe in the mineral 
components was independent of clay content (r2 = 0.23). Thus, it can be pointed out 
that extraction of Fe and Al with ammonium oxalate can be used as a suitable 
approach for estimating P sorption capacity of mineral components used for substrate 
production. 
3.3. Effective diffusion coefficients (De) 
The values for f and b determined in this study were used to calculate the effective 
diffusion coefficient (De) for peat-substrates. De was in the range of 10-7 to 10-8 cm2 s-
1
, which is at least 10 times higher than De in mineral soils (Tab. 2). This can be 
attributed mostly to a lower buffer power of the substrate rather than to a higher 
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impedance factor, which was in the range as known for mineral soils or even lower. 
The higher value of De in the substrate indicates that P in the substrate should be 
more available for plants than in mineral soils. This would allow roots to extend the 
depletion zone about 10 times more than in mineral soil (Tab. 2). On the other hand, 
this leads to an overlapping of depletion zones of roots, particularly the mean half 
distance between roots (r1) was just half of that generally observed in mineral soils. 
This means that plants grown in pots use the whole substrate volume for P nutrition 
whereas plants grown in mineral soils acquire P from less than 20% of the soil 
volume and only a small part of total soil volume between neighboring roots is highly 
depleted (Jungk and Claassen, 1997; Claassen and Steingrobe, 1999).  
 
Table 2: Parameters describing P mobility in mineral soils and peat-based substrates  
Parameter 
Substrate 
Solution P (Cli) 
[mg L-1] 
Impedance 
factor a 
(f) 
Buffer 
power 
(b) 
Effective 
diffusion 
coefficient 
(De) [cm2 s-1] 
Extension of the 
depletion zone a 
[cm] 
r1 
b
 
[cm] 
Mineral soil c 0.1 - 0.5 0.15 - 0.30 100 - 2000 10-8 - 10-11 0.002 - 0.02 0.2 - 0.5 
Black peat (BP) 25 - 95 0.08 - 0.17 1 - 3 10-7 0.23 0.1 - 0.2 
BP + min. 
component 0.5 - 50 0.09 - 0.20 1 - 17 10-7 - 10-8 0.1 - 0.23 0.1 - 0.2 
a Volumetric water content of 0.2 - 0.3 cm3 cm-3 for mineral soil, and 0.5 - 0.6 cm3 cm-3 for 
both BP and BP + mineral component was used. Extension of the depletion zone was 
calculated for 2 d. 
b r1 = Mean half distance between neighboring roots; Root length density (RLD) in the 
substrate was 5 - 24 cm cm-3 (unpublished data) and for mineral soil the values of 1.4 -8.2  
cm cm-3 were taken from Claassen and Steingrobe (1999).  
c Based on data from Nye and Tinker (1977), Barber (1995), Jungk and Claassen (1997), and 
Claassen and Steingrobe (1999). 
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CHAPTER 2 
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Abstract 
Maximum uptake rate (Imax), Michaelis constant (Km), and minimum nutrient 
concentration (Cmin) as plant physiological characteristics may be important for P 
uptake in peat-substrate. Thus, variation of these parameters was evaluated with a 
series of depletion studies for marigold (Tagetes patula) and poinsettia (Euphorbia 
pulcherrima) as representative ornamental plants under fluctuating climatic conditions 
and different developmental stages.  
Relative growth rate (RGR) of marigold was higher than that of poinsettia and 
declined for both crops with plant age. Lower air temperature reduced the RGR of 
poinsettia, but not of marigold. However, the lower light intensity reduced RGR of 
marigold while it had no effect on RGR of poinsettia. The short photoperiod reduced 
RGR of poinsettia. Imax also decreased with plant age and with decrease of air 
temperature for both poinsettia and marigold; however it was independent of light 
intensity. Imax of poinsettia was lower at short photoperiod than that at long 
photoperiod. A close correlation between RGR and Imax was observed with both 
poinsettia and marigold over all treatments. The Km and Cmin was affected neither by 
plant age nor by air temperature, light intensity and day length. However, higher Imax, 
but lower Km and Cmin values were observed for marigold than for poinsettia at all 
treatments. The required P availability in the substrate was not much affected by 
short term fluctuations of growing conditions and photoperiod. However, it was clearly 
reduced with plant age for both crops which should to be considered for fertilization. 
 
Key words: Uptake rate, relative growth rate, plant age, temperature, light intensity, 
photoperiod 
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1. Introduction 
Nutrient uptake rate depends on its concentration at root surface and follows 
Michaelis-Menten kinetics, which can be described mathematically by maximum 
uptake rate (Imax) which occurs under saturating nutrient concentration where all the 
available binding sites are loaded, Michaelis constant (Km) which is nutrient 
concentration where the actual uptake equals half the Imax and Cmin which is the 
minimum nutrient concentration below which no net uptake can occur (Barber, 1995).  
Different values of Imax, Km, and Cmin have been reported among brassica (Akhtar et 
al., 2007) and maize cultivars (Schenk and Barber, 1980). These parameters may 
also vary with plant age (Edwards and Barber, 1976; Kuhlmann and Barraclough, 
1987; Nayakekorala and Taylor, 1990; Bhattacharyya and Datta, 2005; Bhadoria et 
al., 2004; Sharifi and Zebarth, 2006), and environmental conditions (Brewster et al., 
1976a; Hallmark and Huffaker, 1978; Steingrobe and Schenk, 1994; Baligar et al., 
2006). Imax decreases with plant age since more roots are available to meet the 
demand for new growth (Kuhlmann and Barraclough, 1987; Barber, 1995). The 
demand depends on nutrient concentration in new growth, change of nutrient 
concentration in the whole plant and the amount of new growth. The new growth can 
be related to plant weight by the relative growth rate (RGR) where a close correlation 
between RGR and uptake rate was observed (Steingrobe and Schenk, 1994; Cheaib 
et al., 2005; Rodgers and Barneix, 1988). Steingrobe and Schenk (1994) found that 
the relative growth rate was affected by growing conditions such as temperature and 
radiation.  
Root physiological properties are significant for K and NO3 acquisition in mineral soil, 
but not for phosphorus (P) (Claassen and Steingrobe, 1999). However, the mobility of 
P in peat-substrates (as they are generally used for pot plant production) is in 
magnitude higher than in mineral soil similar to mobility of K in mineral soil (Khandan-
Mirkohi and Schenk, 2008; Claassen and Steingrobe, 1999; Chapter 1). Thus, root 
morphological characteristics are of minor importance for exhaustion of the substrate 
volume whereas physiological P uptake characteristics of plants may be significant for 
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adaptation of nutrient supply to demand of crops as well as for environmental 
conditions affecting plant growth rate. The concentration difference between bulk 
substrate solution and at root surface can be calculated from the uptake rate to meet 
the demand assuming that P is transported to root surface only by diffusion 
(Barraclough, 1986). Thus, this study aimed at investigating the effect of short term 
variable environmental conditions on P uptake kinetics of representative ornamental 
plants at different developmental stages and to evaluate the need for adaptation of P 
supply.  
2. Material and methods 
2.1. Propagation and growth 
Poinsettia (Euphorbia pulcherrima cv. 'Premium Red') cuttings were taken from 
mother plants having 8 cm of length and 7-8 nods. Except for three upper fully 
developed leaves all others were removed. The cuttings were rooted under plastic in 
nutrient solution during 25 days. Marigold (Tagetes patula cv. ‘Nana Orange Jacket’) 
seeds were germinated in fine sand and grown for 7 days. Both crops were 
transferred to 1.8 L ceramic pots. Later, 45 days after transplanting 4 L plastic pots 
were used for poinsettia. Poinsettia was trained to a single stem. The nutrient solution 
contained in mM: 2.5 N as Ca(NO3)2 and (NH4)2SO4, 0.1 P as KH2PO4, 0.75 K as 
KH2PO4 and KCl, 2 Ca as Ca(NO3)2 and CaCl2, 1 Mg as MgSO4, 1.25 S as MgSO4 
and (NH4)2SO4. The composition for micronutrients was in µM: 40 Fe as Fe-EDTA, 25 
B as H3BO3, 1.5 Mn as MnSO4, 1.5 Zn as ZnSO4, 0.5 Cu as CuSO4, and 0.1 Mo as 
NaMoO4. The pH of nutrient solution was 5.8 ± 0.1. The nutrient solution was aerated 
and changed when the concentration of P had dropped to 5 µM. Plants were grown in 
a growth chamber under day/night temperature of 20/16 °C, light intensity of 200 µmol 
m-2 s-1 PAR, and day/night photoperiod of 16/8 h. Relative humidity of growth 
chamber was 65% during the day time. 
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2.2. Treatments 
Characteristics of P uptake kinetics were determined 20, 40, 70, and 95 days and 15, 
25, 31, and 40 days after planting (DAP) for poinsettia cuttings and marigold 
seedlings, respectively. Additional day/night temperature treatments were 15/11 and 
25/21 °C at 30 and 25 DAP for poinsettia and marigold, respectively. Light intensity 
variations were 100 and 300 µmol m-2 s-1 PAR at 40 DAP (poinsettia) and 31 DAP 
(marigold). Plants were subjected to these conditions two days prior to determination 
of P uptake characteristics. For poinsettia, also the day/night photoperiod was varied 
to 8/16 h beginning from 40 DAP.  
2.3. Determination of P uptake kinetics 
Parameters of P uptake kinetics were determined by depletion experiments as 
described by Claassen and Barber (1974). The initial P concentration was 20 µM 
whereas for the other nutrients the abovementioned nutrient solution was used. Two 
mL of solution samples were taken at first every 10 minutes and later every 40 
minutes and the sampled solution was replaced by distilled water. The experiment 
was continued until no further depletion was observed (Cmin was reached). 
Phosphorus concentration in nutrient solution was measured according to Murphy 
and Riley (1962). The product of ion concentration in the solution (c, µM) and the 
volume of solution (v, mL) was calculated as total amount of P in the solution (Q):  
cvQ = ,                                                                                                                       (1) 
Phosphorus concentration in the pot was depleted with marigold after about 3 h, 
whereas for poinsettia it took more than 10 h (Fig. 1).   
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Figure 1: Depletion of P in nutrient solution with poinsettia and marigold. 
 
For estimation of Imax (µmol cm-2 s-1) and Km (µM) the numeric iteration procedure 
SAS NLPLM based on the Levenberg-Marquardt procedure (Seidel D., and Hothorn, 
L., person. Comm., 2003) was run. Details are described by Deressa and Schenk 
(2008). For calculation of root surface, root hairs were not considered, since 
poinsettia had none at all and with marigold only few were visible.  
2.4. Determination of plant parameters 
The relative growth rate (RGR, g g-1 day-1) of plants was obtained by weighing the 
plants just before turning off the light on the day before running the depletion study 
and 24 h later. The surface water of roots was removed by dripping for 2 min. The 
RGR was calculated according to Hunt (1982): 
( ) ( ) 1212 t/tFWlnFWlnRGR −−= ,                                                                                (2) 
where, FW is plant fresh weight (g plant-1), t is time (day); subscripts 1 and 2 refer to 
the first and the second measurement, respectively.  
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The fresh weight of roots (RFW, g plant-1) was determined according to Schenk and 
Barber (1979) and root length (L, cm plant-1) was determined by means of photo-
analysis software (WinRHIZO, Canada, Regent Instruments Inc.; 
www.regentinstruments.com) based on the line intersect method of Tennant (1975). 
Mean root radius (r0, cm) was calculated as: 
LRFW/r0 ×pi= ,                                                                                                       (3) 
Plant shoot and root was dried at 70 °C for 5 days. Phosphorus concentration of 
shoot and root dry matter was determined after milling and dry ashing according to 
Gericke and Kurmies (1952).  
2.5. Estimation of concentration gradient 
The concentration difference between bulk substrate and root surface (∆c, µmol cm-3) 
was estimated according to Barraclough (1986): 
)
RLDr
1ln
RLDr1
11)(
f
I( 2
0
2
0
max
pipi−
−
θpi
−=−=
L
l0l D4
CC  ∆C ,                                              (4) 
where, Cl is the average bulk substrate solution concentration (µmol cm-3), Cl0 is the 
concentration at the root surface (µmol cm-3), Imax is the maximum uptake rate (µmol 
cm-1 root s-1), DL is the diffusion coefficient of H2PO4- in water at 25 °C for which the 
value of 8.9 × 10-6 cm2 s-1 was used (Edwards and Huffman, 1959), for the volumetric 
water content (θ) the value of 0.5 cm3 cm-3, for the impedance factor (f) the value of 
0.09, and for RLD which is root length density (cm cm-3) the values of 6.9, 11.5, 14.3, 
and 18.4 at 15, 25, 31, and 40 DAP and 2, 4, 7.1, and 9.6 at 20, 40, 70, and 95 DAP 
for marigold and poinsettia, respectively, were taken from Khandan-Mirkohi and 
Schenk (2008 and 2009). For r0 which is the root radius the calculated values of 0.025 
and 0.06 cm were used for marigold and poinsettia, respectively 
2.6. Statistical analysis 
Experiments were run in a randomized block design and replicated five times. Data 
were analyzed using analysis of variance of SAS (SAS, 1996). Means were 
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compared between the treatments at α = 0.05 using Tukey-Test and at α = 0.001 for 
multiple regression analysis.  
3. Results 
3.1. Plant growth 
Shoot dry matter (SDM) of poinsettia and marigold increased with plant age (Fig. 2). 
Marigold flowered 40 days after planting (DAP) whereas poinsettia required 95 DAP 
for reaching a marketable size. Shoot dry matter of both crops did not significantly 
change under different air temperature and light intensity, since variation was applied 
only for two days (data not shown). The short photoperiod induced flowering and 
consequently reduced SDM of poinsettia compared to plants which continued 
vegetative growth at long photoperiod. This reduction was not yet significant 70 DAP, 
but after 95 DAP which was 55 days after transferring to short photoperiod significant 
reduction for SDM was found. The relative growth rate (RGR) of both poinsettia and 
marigold declined with plant age (Fig. 3A). This decline was faster in case of marigold 
compared to that of poinsettia. 
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Figure 2: The influence of plant age (days after planting, DAP) on shoot dry matter of 
poinsettia and marigold and the effect of photoperiod on shoot d.m. of poinsettia. 
Different lower case letters indicate significant difference between different DAP for 
each plant species and different upper case letters indicate significant differences 
between photoperiods for a given DAP, respectively at p<0.05. 
 
The RGR of marigold was several times higher than that of poinsettia, especially at 
early stages. Lower air temperature reduced the RGR of poinsettia, but not of 
marigold (Fig. 3B). In contrast, the lower light intensity negatively affected the RGR of 
marigold, but had no effect on RGR of poinsettia (Fig. 3C). Poinsettia plants grown at 
short photoperiod had lower RGR at 95 DAP compared to plants grown at long 
photoperiod, but not at 70 DAP (Fig. 3D).  
Root surface/shoot d.m. ratio (RSR) of marigold was four times higher than that of 
poinsettia (Fig. 4). This parameter increased with plant age for marigold up to 
flowering stage, and then declined. However, in case of poinsettia it increased up to 
40 DAP, then remained almost constant. The short day length decreased RSR of 
poinsettia at both 70 and 95 DAP (Fig. 4).  
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Figure 3: (A) The influence of plant age (days after planting, DAP), (B) Air 
temperature, and (C) Light intensity on relative growth rate (RGR) of poinsettia and 
marigold; and (D) the effect of photoperiod on RGR of poinsettia. Different letters (for 
A, B, and C within each crop and for D between different photoperiods) indicate 
significant differences at p<0.05.  
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Figure 4: The effect of plant age (days after planting, DAP) on root surface: shoot 
d.m. ratio of marigold and poinsettia, and the effect of photoperiod on root surface: 
shoot d.m. ratio of poinsettia. Different lower case letters indicate significant 
difference between different DAP at a given plant species and different upper case 
letters indicate significant differences between photoperiods for a given DAP, 
respectively at p<0.05. 
 
Phosphorus concentration in shoot and root dry matter of marigold declined with plant 
age (Fig. 5B) whereas with poinsettia shoot P concentration increased, but no 
significant change was observed for root P concentration (Fig. 5A). Root and shoot P 
concentration of marigold was in similar range, however, root P concentration of 
poinsettia was higher than shoot P concentration. At short photoperiod the shoot P 
concentration of poinsettia was enhanced compared to long photoperiod (Fig. 5C). 
Light intensity and air temperature did not affect P concentration in plant dry matter 
(data not shown). 
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Figure 5: The influence of plant age (days after planting, DAP) on shoot and root P 
concentration of (A) poinsettia and (B) marigold; and (C) the effect of photoperiod on 
shoot and root P concentration of poinsettia at 95 DAP. Different letters (for A, and B 
between different DAP for each plant species and for C between different 
photoperiods for shoot or root P indicate significant differences at p<0.05. 
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3.2. Physiological P uptake parameters 
Maximum P uptake rate (Imax) decreased with plant age for both poinsettia and 
marigold (Fig. 6A). Marigold had higher Imax than poinsettia at all growth stages. At 
high air temperature, Imax was enhanced for both poinsettia and marigold (Fig. 6B). 
However, Imax was independent of light intensity for both poinsettia and marigold (Fig. 
6C). Imax was lower for poinsettia grown at short photoperiod than that at long 
photoperiod for both 70 and 95 DAP (Fig. 6D). The maximum P uptake rate (Imax) was 
closely related to RGR of both poinsettia and marigold over all treatments whereas it 
was not correlated to RSR of both crops (Tab. 1). Thus, inclusion of RSR into the 
multiple regression analysis did not improve the correlation coefficient. 
 
 
Table 1: Multiple and simple linear regression analysis of plant factors affecting Imax 
  
Multiple regression a 
y = a0 + a1x1 + a2x2 
 
Simple regression b 
y = a0 + a1x1 
Parameters  Poinsettia  Marigold  Poinsettia  Marigold 
r2  0.69 ***  0.55 ***  0.77***  0.57*** 
a0  0.65  1.62  0.17  1.60 
a1  20.62 ***  06.67 ***  24.00***  6.60*** 
a2  -9.4×10-4 ns  8.0×10-5 ns  -  - 
a,b
, y is Imax; a0 is intercept for Imax; a1 is slope for relative growth rate (RGR, g g-1 day-1); a2 is 
slope for root surface: shoot ratio (RSR, cm2 root [g d.m. shoot]-1). 
***, significant at P < 0.001; ns, non-significant (n = 50 and 60 for marigold and poinsettia, 
respectively).  
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Figure 6: (A) The influence of plant age (days after planting, DAP), (B) Air 
temperature, and (C) Light intensity on maximum P uptake rate (Imax) of poinsettia and 
marigold; and (D) the effect of photoperiod on Imax of poinsettia. Different letters (for A, 
B and C between different DAP at a given plant species and for D between different 
photoperiods at a given DAP) indicate significant differences at p<0.05.  
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Michaelis constant (Km) and minimum P concentration (Cmin) was affected neither by 
plant age nor by air temperature and light intensity for both poinsettia and marigold 
(Fig. 7A, B, and C). Also, no change was observed for Km and Cmin values of 
poinsettia under different photoperiods (Fig. 7D). However, Km and Cmin values were 
higher for poinsettia compared to marigold. As mean of all treatments, Km was 10.47 
and 5.27 and Cmin was 0.42 and 0.21 µM for poinsettia and marigold, respectively. 
The roughly estimated concentration difference between bulk substrate solution 
concentration and concentration at root surface necessary to meet the uptake rate 
(equation 4) was 290 and 320 µM for marigold and poinsettia at planting, respectively 
(Fig. 8). However, at later stages it declined to 140 and 71 µM for marigold (40 DAP) 
and poinsettia (95 DAP), respectively.  
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Figure 7: (A) The influence of plant age (days after planting, DAP), (B) Air 
temperature, and (C) Light intensity on Michaelis constant (Km) and minimum P 
concentration (Cmin) of poinsettia and marigold; and (D) the effect of photoperiod on 
Km and Cmin of poinsettia. No significant change of Km and Cmin was observed for both 
crops over all treatments at p<0.05. 
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Figure 8: The concentration difference in solution between the bulk substrate and at 
root surface (∆c) of marigold and poinsettia at different plant age (days after planting, 
DAP) and under different photoperiod for poinsettia. 
4. Discussion 
4.1. Plant growth parameters 
Relative growth rate (RGR) declined with plant age for both crops (Fig. 3A) as it is 
generally known (Hunt, 1982). The change of RGR for marigold was faster compared 
to poinsettia. This might be due to the much smaller weight of marigold seedlings 
(0.48 g d.m. plant-1) than that of poinsettia cuttings (4.26 g d.m. plant-1), since RGR 
declines faster in early growth stages when plant weight is lower. Shoot dry matter 
(SDM) and root surface: shoot d.m. ratio (RSR) of both crops were not significantly 
affected by air temperature and light intensity, since variation was applied only for two 
days (data not shown). However, effect was observed for RGR (Fig. 3B, C), because 
the RGR was measured based on increase of fresh matter weight during 24 h for 
each plant separately. Air temperature increased the RGR of poinsettia, but not for 
marigold (Fig. 3B). This was due to lower temperature requirement for optimum 
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growth of marigold. The air temperature of 15 °C was clearly below the optimum 
temperature of poinsettia, but not for marigold (Dole and Wilkins, 1999).  
Light intensity increased the RGR of marigold, but not for poinsettia (Fig. 3C). Reason 
might be that marigold requires a higher light intensity for saturation of 
photosynthesis. Different light saturation for photosynthesis has been reported for 
some plant species (Dennison and Alberte, 1982). Increased growth and number of 
flowers with enhanced light intensity was observed with marigold (Dole and Wilkins, 
1999; Tsukamoto et al., 1971). It was reported that the light intensity over 200 µmol 
m-2 s-1 decreased the time to flowering of marigold (Pramuk and Runkle, 2003). Short 
photoperiod reduced both SDM and RGR of poinsettia, since flower induction 
retarded the growth (Fig. 2 and 3D). Plants at long photoperiod continued vegetative 
growth, and no flower induction was observed.  
Root surface: shoot d.m. ratio (RSR) increased with plant age for both poinsettia and 
marigold (Fig. 4) as it is reported for some other crops (Lambers and Poorter, 1992; 
Dusek and Kvet, 2006). After flowering of marigold, RSR declined as it is well known 
for many crops after anthesis (Barber, 1995). Under short photoperiod RSR of 
poinsettia declined (Fig. 4), which was due to shortage of light. This effect already 
occurred at 70 DAP, since the partitioning of assimilates in favor of the shoot under 
light shortage retarded the root growth, and shoot dry matter was not yet affected 
(Fig. 2). Similarly, for Pinus sylvestris L. reduced partitioning of assimilates to the root 
was observed under light shortage which led to the reduction of RSR (Hees and 
Clerkx, 2003).  
Shoot and root P concentration declined with plant age for marigold, but it was almost 
constant for poinsettia (Fig. 5A and B). This was due to the fact that poinsettia was 
propagated by cuttings taken from mother plants, whereas marigold was grown from 
seedlings where the composition of dry matter changes in favor of carbohydrates with 
plant growth. Decrease of shoot P concentration with plant age was reported for 
some crops (Bhadoria et al., 2004; Akhtar et al., 2007). The P concentration in mature 
shoot dry matter of poinsettia and marigold was about 4 mg [g d.m.]-1 at 40 DAP, 
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which was about the critical P level of both crops (Khandan-Mirkohi and Schenk, 
2009). Root P concentration was higher than shoot P concentration of poinsettia, but 
for marigold almost no difference was observed between shoot and root P 
concentration. Higher and also lower P concentration in root than in shoot d.m. was 
reported in literature (Asher and Loneragan, 1967; Jungk et al., 1990; Gaume et al., 
2001; Shane et al., 2004; Akhtar et al., 2007).  
4.2. Uptake kinetic parameters 
Maximum P uptake rate (Imax) declined with plant age for both poinsettia and marigold 
(Fig. 6A). Similarly, decrease of uptake rate with plant age was reported for other 
crops (Edwards and Barber, 1976; Bhadoria et al., 2004; Sharifi and Zebarth, 2006). 
Imax decreases with plant age, since P demand is met by a continuously growing root 
leading to a lower demand per unit root length (Barber, 1995). The larger root system 
compensates for the lower uptake rate and the P demand is satisfied by the smaller 
Imax. Thus, decrease of Imax follows the same pattern as RGR and both are positively 
related to each other (Tab. 1). Reason for this close correlation is that Imax as well as 
RGR are related to the existing plant matter. However, for calculation of RGR the new 
growth is considered in relation to the plant weight, whereas for Imax the nutrient 
demand induced by new growth is related to the existing root surface. Therefore, the 
correlation must be close as long as demand increases linearly with new growth, 
while RSR remains constant. Similarly, a linear relationship between Imax for P and 
RGR of pine seedlings (Cheaib et al., 2005) and between Imax for NO3 and RGR of 
wheat and lettuce (Rodgers and Barneix, 1988; Steingrobe and Schenk, 1994) was 
reported.  
Some discrepancy was observed in the relationship between Imax and RGR. At high 
light intensity marigold had higher RGR (Fig. 3C), but without any change of uptake 
rate (Fig. 6C). This might be due to dilution of P in shoot d.m. with growth of marigold 
(Fig. 5B) leading to a delayed response of uptake rate. Marigold had higher Imax than 
poinsettia at all growth stages and under various climate conditions (Fig. 6A, B, and 
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C), since RGR of marigold was higher. The observed values for Imax were in the range 
as reported for other crops (Brewster et al., 1975 and 1976a; Schenk and Barber, 
1980; Jungk et al., 1990; Singh et al., 2003; Bhadoria et al., 2004).  
All the environmental conditions and also plant age affected Imax, but not Km and Cmin 
(Fig. 7), indicating that definitely the number of transporters had been changed, but 
not the characteristics of uptake system (Raghothama, 1999). The Km value (mean of 
all treatments) was double as high (10.47 µM) for poinsettia compared to marigold 
(5.27 µM). The value of 5 µM had been reported as common Km for most crops 
(Barber, 1995). However, a Km value of 10.3 µM for onion was also observed 
(Deressa and Schenk, 2008). The mean Cmin value for poinsettia (0.42 µM) was twice 
as high compared to marigold (Fig. 7). These values are in the range reported for 
many crops (Brewster et al., 1976a; Schenk and Barber, 1980; Bhadoria et al., 2004; 
Deressa and Schenk, 2008). The higher Imax of marigold could be satisfied by a lower 
concentration gradient in substrate solution compared to poinsettia (Fig. 8). However, 
assuming a Freundlich-function relationship between Cli (mg P L-1) and concentration 
of plant available P in peat-substrates (Cs, mg P [L substrate]-1) (Cs = 7.62 Cli0.56) as 
described by Khandan-Mirkohi and Schenk (2009), Cs values of 26 and 27.5 mg P [L 
substrate]-1 at planting and 17.3 and 12 mg P [L substrate]-1 at last harvest would be 
required to meet the demand of marigold and poinsettia, respectively (Fig. 9). 
Obviously the difference between species was too small to be taken into account for 
fertilization. Also, with both crops short term fluctuations of growing conditions as well 
as short photoperiod for poinsettia were of minor significance for the required P 
availability in the substrate, since uptake rate was not changed very much (Fig. 6B, C, 
and D). However, Cs requirement of both crops declined considerably with plant age, 
which should be considered for top dressing by fertigation and evaluation of substrate 
P status (Fig. 9). The Cs values of 26-27.5 mg P [L substrate]-1), which presented 
here were in the range as recommended for high fertigated substrate (22-131 mg P [L 
substrate]-1) at planting (Röber and Schacht, 2008).  
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Figure 9: Theoretically estimated plant available P demand (Cs) of marigold and 
poinsettia at different plant age (days after planting, DAP) and under different 
photoperiod for poinsettia. 
5. Conclusions 
Marigold had clearly lower Km and Cmin, but higher Imax than poinsettia. However, the 
concentration of plant available P in the substrate (Cs) to meet the demand of both 
crops was not much different. Also, short term fluctuations of growing conditions and 
short photoperiod were of minor significance for the required P availability in the 
substrate and have not to be considered in fertilization. However, the need for Cs was 
clearly reduced with developmental stage of both crops, which has to be taken into 
consideration for fertilization. 
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Abstract 
Previously it was observed that marigold had a lower level of plant available P (Cs) 
than that of poinsettia at optimum growth. Thus, this study aimed at investigating the 
factors contributing to phosphorous (P) efficiency of ornamental plants and to quantify 
their significance. Accordingly, marigold (Tagetes patula) and poinsettia (Euphorbia 
pulcherima) were cultivated in peat-substrate, black peat 80% + mineral component 
20% (v/v), treated with P rates of 0, 10, 35, 100, and 170 mg [L substrate]-1. During 
cultivation plants were fertigated with a complete nutrient solution (18 mg P L-1) every 
two days. 
Both poinsettia and marigold attained their optimum yield and quality at the rate 35 
mg P [L substrate]-1 and the critical level of P in shoot dry matter of both crops was 5-
6 mg [g d.m.]-1. Plant available P (Cs) increased after planting at lower P rates to a 
higher level for poinsettia than for marigold, but no significant change was observed 
at higher P rates. Balance sheet calculations for this cultivation period indicated that 
at lower P rates more P was fertigated than was taken up by the plants. Root length 
density (RLD), root: shoot ratio and root hair length of marigold was doubled 
compared to that of poinsettia. Root length density increased with crop growth and 
ten days after planting (DAP) the mean half distance between roots (r1) exceeded the 
P depletion zone around roots by a factor of 3 and 1.5 for poinsettia and marigold, 
respectively. Thus, at this early stage poinsettia exploited only 10% of the substrate 
volume, whereas marigold exhausted 43%. Later during cultivation, the depletion 
zones around roots overlapped for both crops.  
Root hairs increased predicted P uptake significantly more for marigold compared to 
that of poinsettia. However, at optimum P supply root hairs enhanced P uptake 
compared to that of root cylinder only by 10-20%. For the two lower P levels, the P 
depletion profile around root calculated for 10 DAP showed that after two days of 
depletion, the concentration at root surface was below the assumed Km value (5 µM) 
and the concentration gradient was insufficient to match the demand. 
CHAPTER 3   
 56 
Results indicate that poinsettia had a higher content of plant available P in the 
substrate at optimum growth compared to that of marigold, since more fertigated P 
accumulated during early stages of cultivation due to lower RLD. The observed 
difference of root morphological parameters did not contribute significantly to P 
uptake efficiency, since P mobility in the peat-substrate was high.  
 
Key words: marigold, model, poinsettia, P uptake, P supply, root hairs, substrate 
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1. Introduction 
Plant species and genotypes of a given species may differ in P efficiency, which is the 
ability of the plant to grow well under low P availability in the soil (Loneragen and 
Asher, 1967; Dechassa et al., 2003). This trait may occur through utilization 
efficiency, which is the ability of plants to utilize P in the shoot for dry matter 
production, or through uptake efficiency, which is the ability to acquire P from the soil 
(Loneragan and Asher, 1967). The uptake efficiency may arise due to favorable root 
morphological characteristics, mobilization of P by exuding chemical components 
from root to the rhizosphere, or association of roots with mycorrhiza (Raghothama, 
1999).    
Nutrient acquisition of plants can be described by a mechanistic simulation model 
(NST 3.0) (Claassen and Steingrobe, 1999), which considers transport of nutrients to 
the root surface by mass-flow and diffusion and inflow into the root following 
Michaelis-Menten kinetics. This model also considers root morphological traits such 
as root radius, root hairs as well as the competition between roots. Also, the 
contribution of mycorrhiza to P uptake can be described (Deressa and Schenk, 2008). 
However, the mobilization of P by root exudation is not considered in the model. 
Long root hairs, high root: shoot ratio and small root radius were observed for some 
crops cultivated in the mineral soils as significant morphological root characteristics 
contributing to the P uptake efficiency (Föhse and Jungk, 1983; Barber, 1995). 
Additionally, preferential root distribution in the top soil was identified for bean as root 
morphological trait of P efficiency (Lynch and Brown, 2001). Furthermore, P may be 
mobilized in the soil by exudation of organic anions such as citrate (Dechassa and 
Schenk, 2004) or protons (Neumann and Römheld, 1999). Organic anions form 
complexes with Ca, Al and Fe and thus dissolve P bound to calcium, iron and 
aluminum. These anions can desorb P from sesqui-oxide surfaces by anion exchange 
(Bolan et al., 1994). Phosphatase exudation was also reported to hydrolyze and 
solubilize inorganic P from soil organic phosphates, which are estimated to account 
for about 30-80% of total P in mineral soils (Gilbert et al., 1999).  
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The physiological characteristics of P uptake kinetics are not considered as significant 
for P efficiency of plants cultivated in mineral soil, since P transport in the soil is 
limiting P uptake (Barber, 1995). However, investigation of P dynamics in peat-
substrates (Khandan-Mirkohi and Schenk, 2008) revealed that the mobility of P was 
high in the substrate due to its low buffer power (b). Buffer power was in the range of 
1-17, whereas mineral soils normally have b in the range of 100-2000 (Jungk and 
Claassen, 1997). In a previous experiment, it was observed that marigold had a lower 
level of plant available P (Cs) in the substrate during cultivation at optimum growth 
compared to poinsettia.  
Therefore, the present study aimed at assessing the background for difference in 
plant available P in the substrate at optimum growth for poinsettia and marigold; to 
investigate factors contributing to the P efficiency of the plants cultivated in substrate, 
and to quantify their significance by using the mechanistic simulation model (NST 
3.0).  
2. Material and methods 
2.1. The growing medium 
The growing medium was prepared by mixing 80% of black peat (BP) that passed 
through a 2 mm sieve and 20% of mineral component on volume basis. Phosphorus 
was applied to the substrate in the form of Ca(H2PO4)2 at the rates of 0, 10, 35, 100, 
and 170 mg P [L substrate]-1. Nitrogen (N) and potassium (K) were applied at a rate of 
150 mg [L substrate]-1 in the form of NH4NO3 and K2SO4, respectively. Additionally, 
Flory® 10 (EUFLOR GmbH, Munich, Germany; www.euflur.de), which contains Mg 
and micronutrients (10% magnesium oxide, 3.5% Fe-HEDTA, 2% Cu-EDTA, 0.8% 
Mo, 0.5% Mn, 0.5% B, 0.3% Zn, and 0.02% Co) was applied at the rate of 50 mg 
product [L substrate]-1. The substrate pH was increased to 5.7 ± 0.2 by liming with 
calcium carbonate at a rate of 4 g [L substrate]-1. Finally, the substrate was 
equilibrated in an oven at a temperature of 50 °C for 24 h, and then at a room 
temperature for 3 days. It was previously shown that incubation of substrate at a 
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temperature of 50 °C for 24 h was closely correlated to the CAT-soluble P after 9 
weeks storage.  
2.2. Cultivation and harvesting 
The prepared substrate was packed into plastic pots at a bulk density of 0.4 g cm-3. 
Marigold seedlings (Tagetes patula cv. ‘Nana Orange Jacket’) and rooted poinsettia 
cuttings (Euphorbia pulcherrima cv. 'Premium Red') were transplanted into the plastic 
pots having a volume of 320 and 620 cm3 on 3rd of June and 20th of July, respectively. 
Plants were grown in a greenhouse at day/night heating temperatures of 25 °C/ 18 
°C.  
Natural radiation was supplemented with 80 µmol m-2 s-1 photosynthetic photon-flux 
density (PAR) for poinsettia when the radiation was lower than 100 µmol m-2 s-1 to 
extend the photoperiod to 16 h, in order to keep a constant vegetative growth up to 67 
days after planting (DAP). Then, darkness was applied at 70 DAP by means of black 
cloth to shorten the day length to 8 h up to 130 DAP, when plants reached the 
marketable size. Marigold was grown under natural radiation. The substrate moisture 
was maintained at 50% (v/v) by weighing and fertigating the pots every second day. 
The fertigation solution was prepared from NH4NO3, KH2PO4, K2SO4, and MgSO4 and 
contained N, P, K, and Mg at concentrations of 160, 18, 133, and 10 mg L-1, 
respectively. Additionally, 250 mg L-1 of Flory® 10 was used.  
Poinsettia plants were pinched above 7 leaf buds. Marigold and poinsettia were 
harvested three times at 27, 41, and 54 DAP and 53, 67, and 130 DAP, as first, 
second and final harvest, respectively. Final harvest was done after measuring of 
plant quality parameters such as plant height and diameter, number of branches for 
poinsettia, and number of flower buds and flowers for marigold. Plant height was 
measured from substrate surface as shown on photo 1.  
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Photo 1: An exemplary photo of representative plant of marigold and poinsettia under 
different P levels (increasing from left to right). The colored lines and arrows show the 
approximate points of measurement for plant height.  
2. 3. Analytical procedures  
2. 3.1. Physical and chemical properties 
The volume weight of substrates was determined according to standard method of 
VDLUFA (1991). Pots without plant were used to estimate water loss through 
evaporation. Transpiration was calculated as the difference between the amount of 
water lost from pots with plants and evaporation from pots without plants.  
The substrate pH was measured in 0.01 M CaCl2 suspension using a substrate: 
solution ratio of 1:2.5. Available P in the substrate (Cs) was measured using CAT 
extraction (0.01 M CaCl2 + 0.002 M DTPA) according to Alt and Peters (1992). 
Substrate solution was collected by centrifugation at 1000 g for 20 minutes and 
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phosphorus concentration in the substrate solution (Cli) was determined according to 
Murphy and Riley (1962). Buffer power (b) was calculated as the ratio lis /CC  (Tab. 1).  
 
Table 1: Substrate characteristics at planting (CAT-soluble P, Cs; Phosphorus 
concentration in substrate solution, Cli; Buffer power, b) with poinsettia and marigold 
at different P-application rate.  
 Poinsettia  Marigold 
P-application rate a 
 
P (Cs)a P (Cli)b b  P (Cs)a P (Cli)b b 
0  2 0.1 26  3 0.1 32 
10  3 0.3 11  5 0.2 24 
35  11 1.5 7  12 1.5 8 
100  42 22 2  33 17 2 
170  84 45 2  63 43 1.5 
a
 mg P [L substrate]-1; b mg P [L solution]-1 
 
Freundlich-function was used to describe the relationship between Cs and Cli (Barber, 
1995). Plant material was dried at 70 °C for 5 days and shoot dry weight was 
recorded. Dry matter P content was determined after dry ashing according to Gericke 
and Kurmies (1952). 
2. 3.2. Root morphological parameters  
Roots were separated from substrate by washing over sieves (0.5-2 mm). In order to 
check if roots were infected with arbuscular mycorrhiza (AM), root samples were 
stained and observed under microscope according to Vierheilig et al. (1998). 
However, no mycorrhiza colonization was observed in both poinsettia and marigold.  
Total fresh weight of roots (RFW, g plant-1) was determined according to Schenk and 
Barber (1979). Root length (L, cm plant-1) was measured according to the line 
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intersect method of Tennant (1975) and root growth rate constant (k, cm day-1) was 
calculated assuming linear growth as follows: 
( ) ( )1212 tt/LLk −−= ,                                                                                                  (1) 
where, t is the time (day).  
Mean root radius (r0, cm) was calculated as: 
LRFW/r0 ×pi= ,                                                                                                       (2) 
where, RFW  is the root fresh weight (g plant-1).  
Mean half distance between neighboring roots (r1, cm) was calculated as:  
Lv/r1 ×pi= ,                                                                                                              (3) 
where, v is the volume of substrate in the pot (cm3).  
Surface area (SAC, cm2) per cm root cylinder was calculated as: 
 hr2SAC 0 ××pi= ,                                                                                                      (4) 
where, h is the length of root cylinder (one cm).  
Subscripts 1 and 2 refer to the first and the second harvest, respectively. 
 
For quantification of root hairs, an undisturbed substrate sample was cut carefully and 
placed into tap water in a shallow tray and soaked for about 1 hour. The substrate 
completely separated from roots which were gathered and cut into pieces of 1 cm. 
Sixty root pieces per replicate were collected in glass vials half-filled with water and 
dyed with 1 mL of 1% acid fuchsine solution. The root pieces were scored using a 
microscope with magnification of 50× for high, medium, and low root hair density. 
Root hair length and density of five pieces of each category was determined using 
eyepiece with inscribed square grids. Length of one side of a grid unit (r) was 
0.016667 cm. The first horizontal line was adjusted parallel to the root axis at the 
point of emerging root hairs, then root hairs crossing horizontal and vertical grid lines 
were counted separately for each line and computation was done for root hair 
parameters according to Brewster et al. (1976b).  
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2. 3.3. Root physiological parameters 
For the concentration of P in substrate solution where uptake equals zero (Cmin) the 
value which is common for many crops (0.4 µM) was taken from Barber (1995). For 
Michaelis constant (Km), which is the concentration of P in the substrate solution at 
which uptake is half the maximum rate (Imax), the value of 5 µM was assumed 
(Barber, 1995). The rate of P uptake at highest P supply of each plant was taken as 
maximum uptake rate (Imax).  
For calculation of P uptake rate (I, µmol cm-1 root length s-1) linear root growth was 
assumed:  
( ) 1212
12
tt
1
/2LL
UU
Ι
−
×
+
−
= ,                                                                                                (5) 
where, U is total P uptake (µmol plant-1), t is the time (s). 
Phosphorus uptake rate related to the root cylinder surface area (Ina, µmol cm-2 root s-
1) was calculated as:  
SAC
IIna = ,                                                                                                  (6) 
The uptake rate was modified to calculate effective uptake rate (In, µmol cm-2 root s-1) 
considering both root and root hairs surface area:  
( )SAHSAC
IIn +
= ,                                                                                                      (7)          
where, SAH is the surface area of root hairs per one cm root length (cm2) which was 
calculated as:  
RHLr2SAH 0h ××pi= ,                                                                                                (8) 
where, r0h is root hair radius (value of 5×10-4 cm, which is common for most crops 
was taken from Föhse et al. (1991); RHL is root hair length per cm root cylinder (cm).  
Water uptake rate of root cylinder (V0, cm3 cm-2 s-1) was computed as: 
( ) 1212
12
0 tt
1
/2SASA
WWV
−
×
+
−
= ,                                                                                        (9) 
CHAPTER 3   
 64 
where, W is the transpired water by the plant (cm3), SA is the total surface area of 
root cylinder (cm2 plant-1), and t is the time (s).  
Subscripts 1 and 2 refer to the first and the second harvest, respectively. 
2. 3.4. Phosphorus dynamics in the substrate   
Mass-flow (MF, µmol cm-2 s-1) was calculated as: 
li0 CVMF ×= ,                                                                                                            (10) 
where, V0 is the uptake rate of water into root cylinder (cm3 cm-2 s-1), and Cli is the 
concentration of nutrient in the solution (µmol cm-3).  
The effective diffusion coefficient (De, cm2 s-1) of P in the substrate was calculated 
according to Nye (1966): 
( )1/bθfDD Le ×= ,                                                                                                      (11) 
where, for DL, the diffusion coefficient of H2PO4- in water at 25 °C, the value of 8.9 × 
10-6 cm2 s-1 was used (Edwards and Huffman, 1959), for θ, the volumetric water 
content, the value of 0.5 cm3 cm-3 and as impedance factor (f) the value of 0.09 was 
taken from Khandan-Mirkohi and Schenk (2008) and b is the buffer power which was 
calculated as the ratio lis /CC . 
2.3.5. Extension of the depletion zone (∆x) 
The extension of depletion zone around a root was calculated according to Syring 
and Claassen (1995): 
tD∆x epi= ,                                                                                                             (12)   
where, ∆x is the distance from the root surface at which the decrease of 
concentration is 21% of the maximum decrease at the root surface, and t is the time 
(s). The extended depletion zone was calculated after two days, since in two days 
interval the plants were fertigated.  
CHAPTER 3   
 65 
2.3.6. Velocity of P replenishment 
Equilibrated substrate of the 3rd P level having a volumetric water content of 27% was 
adjusted to the volumetric water content of 50% by adding distilled water and also by 
adding the fertigation solution, respectively. The substrate solution was collected 
immediately after adjusting water content and after 1h, 2h, 4h, 8h, 12h, and 48h by 
centrifugation at 1000 g for 20 minutes. Within 4 hours nearly a new equilibrium was 
reached indicating a fast sorption and desorption of P in the substrate (Fig. 1).  
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Figure 1: Phosphorus concentration in substrate solution (Cli) after addition of water 
(desorption) or fertilizer solution (sorption) to peat-substrate (black peat 80% + 
mineral component 20%, v/v; application rate of 35 mg P [L substrate]-1).  
2. 4. Modeling P uptake 
The mechanistic simulation model (NST 3.0) described by Claassen and Steingrobe 
(1999) was used to predict plant P uptake. This model considers delivery of nutrients 
to the root surface by mass-flow and diffusion and uptake by the root following 
Michaelis-Menten kinetics. Phosphorus uptake was predicted assuming linear root 
growth rate, homogenous root distribution in the pot and competition between roots 
for two days of depletion. The relevance of root hairs to P uptake was estimated as 
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the difference between prediction with root cylinder and root cylinder plus root hairs. 
Specific input data are summarized in table 2 and 3. 
 
Table 2: Specific model parameters of poinsettia and marigold used for simulation of 
P uptake at first harvest  
Plant species 
 
Poinsettia 
 
Marigold 
P-application rate  
(mg [L substrate]-1) 
 
0 10 35 100 170 
 
0 10 35 100 170 
Substrate parameters 
b 
 3.6 3.3 2.8 1.9 1.5  17.8 12 4.8 2.5 1.7 
Cli (µmol cm-3) × 10-2  14 17 27 79 173  2 3 10 45 120 
Plant morphological parameters 
r0 (cm) ×10-2  4 4 4 4 4  2 2 2 2 2 
r1 (cm) ×10-2  27 26 24 24 24  23 20 16 16 16 
L0 (cm plant-1) ×102  27.2 28.8 33.1 33.9 34.0  20.1 26.4 39.8 40.5 40.6 
k (cm day-1) 
 159 157 133 129 129  314 304 272 268 267 
Plant physiological parameters 
Imax (µmol cm-2 s-1) ×10-7 
(root hairs neglected)  5.3 5.3 5.3 5.3 5.3  5.8 5.8 5.8 5.8 5.8 
Imax (µmol cm-2 s-1) ×10-7 
(root hairs included)  4.2 4.2 4.2 4.2 4.2  2.9 2.9 2.9 2.9 2.9 
V0 (cm3 cm-2 s-1) ×10-7  7.5 7.4 11.9 12.1 12.6  7.1 7.2 8.6 9.8 10.5 
b = buffer power; Cli = substrate solution P concentration; r0 = root radius; r1 = mean half 
distance between roots; L0 = initial root length; k = growth rate of roots; Imax = maximum 
uptake rate; V0 = water uptake rate of root cylinder. 
Root hairs distribution was computed for all P rates. Half distance between root hairs is given 
exemplary for optimum P level of poinsettia: 9.9, 18, 46, 144, and 490 (×10-3 cm) and of 
marigold:  6.7, 10.2, 17, 33.7, 81.6, 194, and 361 (×10-3 cm) in the compartments with 0-
0.0167, 0.0167-0.0334, 0.0334-0.05, 0.05-0.067, 0.067-0.0835,  0.0835-0.1, and 0.1-0.117 
cm distance from root surface, respectively. 
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Table 3: Specific model parameters of poinsettia and marigold used for simulation of 
P uptake at planting (10 DAP)  
Plant species 
 
Poinsettia 
 
Marigold 
P-application rate  
(mg [L substrate]-1) 
 
0 10 35 100 170 
 
0 10 35 100 170 
Substrate parameters 
b 
 26 11 7 2 2  26 11 7 2 2 
Cli (µmol cm-3)× 10-2  0.3 0.8 4.8 72 145  0.3 0.8 4.8 72 145 
Plant morphological parameters 
r0 (cm) ×10-2  4 4 4 4 4  2 2 2 2 2 
r1 (cm) ×10-2  62 60 56 56 56  37 32 26 26 26 
L0 (cm plant-1) ×102  5.1 5.4 6.2 6.4 6.4  7.4 9.8 14.8 15 15 
k (cm day-1) 
 51 54 62 64 64  74 98 148 150 150 
b = buffer power; Cli = substrate solution P concentration; r0 = root radius; r1 = mean half 
distance between roots; L0 = initial root length; k = growth rate of roots. 
The parameters for root hairs and plant physiology were the same as indicated in table 2.  
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2. 5. Statistical analysis 
Treatments were replicated four times (each replicate consisted of two plants) in a 
completely randomized block design and data were analyzed using analysis of 
variance of SAS (SAS, 1996). Means were compared between the treatments at α = 
0.05 using Tukey-Test.  
 
3. Results 
3.1. Phosphorus dynamics in the substrate 
The CAT-soluble P (Cs) reflected the increase of P supply in both poinsettia and 
marigold (Fig. 2A, B). Due to P fertigation Cs increased at 1st harvest at lower P 
levels, whereas no change occurred with the two highest P levels for both crops. All 
Cs levels remained almost constant between 1st and 2nd harvest. At the same P level, 
increase of Cs was higher with poinsettia than with marigold. The plant available P 
(Cs) was closely related to P concentration in the substrate solution (Cli) (Fig. 2C). 
Buffer power (b) decreased with increasing P level (Tab. 1). The amount of fertigated 
P almost matched the P uptake of both crops at the higher P levels, but exceeded the 
P taken up considerably at the two lower P levels. This was much more pronounced 
for the period from planting to the first harvest than between first and second harvest 
(Tab. 4).  
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Figure 2: CAT soluble P content of the substrate (Cs) during cultivation of poinsettia 
(A) and marigold (B) at different P levels; The relation between substrate solution P 
(Cli) and Cs at different time of measurement during cultivation of poinsettia and 
marigold (C), * Outlier, not included in the regression.  
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Table 4: Comparison of fertigated and taken up P during cultivation of poinsettia and 
marigold at different P-application rates (Data normalized per L substrate to allow 
comparison between crops) 
Amount of P (mg [L substrate]-1) 
Up to 1st Harvest  1st to 2nd Harvest  Fertigation-Uptake 
Plant 
species 
 
Applied Fertigation Uptake Fertigation Uptake 
Up to 1st 
Harvest 
1st to 2nd 
Harvest 
 0 53 13  19 18 
 
40 1 
 10 53 17  19 18  36 1 
 35 57 42  20 22  15 -2 
 100 57 46  20 30  11 -10 
Poinsettia 
 170 57 52  20 31  5 -11 
           
 0 24 2  21 14  22 7 
 10 25 7  25 18  18 7 
 35 28 18  34 27  10 7 
 100 29 28  34 43  1 -9 
Marigold 
 170 29 31  34 50  -2 -16 
 
3.2. Plant growth and quality 
Increase in P supply resulted in a significant increase of shoot dry matter yield, and 
also improved the quality of both poinsettia and marigold (Fig. 3, Tab. 5 and 6). The 
increase of shoot dry matter and improvement of quality parameters of both crops 
were in the same range for three higher P levels during growth and clearly above the 
lower P levels. The maximum growth and quality of both crops was obtained at 
applied P level of 35 mg [L substrate]-1. This differentiation was already visible at 1st 
harvest. Dry matter yield of poinsettia was two-fold higher than that of marigold. 
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However, considering the pot volume both crops produced almost the same amount 
of dry matter per L of substrate.  
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Figure 3: Absolute shoot dry matter of poinsettia and marigold during crop growth at 
different P levels. 
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Table 5: Quality parameters of poinsettia as affected by P-application rate a  
P-application rate 
(mg [L substrate]-1) 
 Plant dry matter 
(g plant-1) 
 Plant height 
(cm) 
 Plant diameter 
(cm) 
 Number of branches 
(# plant-1) 
0 
 18.0 b  28.2 b  30 b  6.6 b 
10 
 18.5 b  28.5 b  30 b  6.6 b 
35 
 22.7 a  32.2 a  40 a  7.7 a 
100 
 22.7 a  32.5 a  40 a  7.8 a 
170 
 22.9 a  32.8 a  40 a  7.8 a 
a
 Different letters indicate significant differences at p<0.05 
 
 
Table 6: Quality parameters of marigold as affected by P-application rate a 
P-application rate 
(mg [L substrate]-1) 
 Plant dry matter 
(g plant-1) 
 Plant height 
(cm) 
 Plant diameter 
(cm) 
 Number of flowers 
(# plant-1) 
0 
 2.40 c  8 b  16 b  3.2 c 
10 
 3.44 b  9 b   17 b  4.1 b 
35 
 4.45 a  13 a  28 a  5.1 a 
100 
 4.76 a  13 a  28 a  5.1 a 
170 
 4.85 a  13 a  28 a  5.3 a 
a
 Different letters indicate significant differences at p<0.05 
 
Relative shoot dry matter yield increased with increasing shoot P concentration (Fig. 
4A, B) and both crops attained their optimum yield (90% of maximum yield) with the 
same P concentration at the second harvest (Fig. 4B). The critical P level was slightly 
higher for both crops at the first harvest.  
Root morphological parameters of both poinsettia and marigold were also significantly 
affected by P supply (Fig. 5). Root length density increased with P supply up to 
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optimum P level at the first and the second harvest of marigold, but for poinsettia 
almost no change of root length density was observed at both harvests (Fig. 5A).  
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Figure 4: Relative yield of poinsettia and marigold as affected by plant P 
concentration in shoot dry matter at 1st (A) and 2nd harvest (B) (maximum yield = 
100%). 
 
Root length density of marigold was two fold higher than that for poinsettia. However, 
root hairs of both crops were longer at low P supply compared to high P (Fig. 5B). 
Marigold had two fold longer root hairs than poinsettia at all P levels. In addition, 
marigold had smaller root radius (r0= 0.02 cm), compared to poinsettia (r0= 0.04 cm). 
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Root/ shoot ratio of marigold (20-40 m [g shoot dry matter]-1) was also double that of 
poinsettia (10-20 m [g shoot dry matter]-1) at all P levels. 
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Figure 5: The effect of P supply on root length density (RLD) (A) and mean root hair 
length (RHL) (B) of poinsettia and marigold. 
 
The mean half distance between roots (r1) decreased with plant age and was about 
half for marigold compared to poinsettia throughout cultivation (Fig. 6). Extension of 
depletion zone (∆x) was also calculated after two days of depletion, since the plants 
were fertigated every two days. At ten days after planting, ∆x for marigold was two-
third of r1, but was only one-third in the case of poinsettia. Later during cultivation, ∆x 
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extended beyond the r1. Thus, at the very early stages (10 DAP) marigold exploited 
about 43% of substrate volume, whereas only 10% was exhausted by poinsettia. 
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Figure 6: Mean half distance (r1) during cultivation of poinsettia and marigold 
compared with estimated distance of depletion zone (∆x) after 2 days for the optimum 
P level (35 mg [L substrate]-1). Plant data between planting and first harvest were 
calculated assuming linear growth. 
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3.3. Phosphorus uptake 
The simulated P uptake with root cylinder plus root hairs agreed well with the 
experimentally observed values for both poinsettia and marigold (Fig. 7A). However, 
at lower P levels, a slight over prediction was observed. Root hairs enhanced 
predicted P uptake significantly more for marigold compared to poinsettia (Fig. 7B).  
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Figure 7: Predicted/observed P uptake of poinsettia and marigold simulated for root 
cylinder plus root hairs (A) and enhancement of P uptake by root hairs compared to 
root cylinder (B), as affected by P application (simulation for two days uptake after 
first harvest; observed uptake was calculated assuming linear growth between first 
and the second harvest).  
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At optimum P supply, the increase of P uptake by root hairs was only 10-20% 
compared to root cylinder.  
The simulated P depletion profiles with root cylinder plus root hairs at root surface 
indicated a steep concentration gradient (Fig. 8). The depletion zone extended with 
increase of P supply and reached at optimum P level a value similar to that given in 
figure 6. The concentration at root surface was 0.8 and 0.96 µM for treatment 10 mg 
P [L substrate]-1 and 10 and 12.4 µM for the treatment 35 mg P [L substrate]-1 for 
poinsettia and marigold, respectively.  
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Figure 8: Depletion profile in substrate solution (Cli) at low, sub-optimum and optimum 
P level of poinsettia and marigold 10 DAP (simulated for two days for root cylinder 
plus root hairs).  
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4. Discussion 
4.1. Phosphorus dynamics in the substrate 
The increase of P application rate resulted in increase of CAT-soluble P (Cs) and 
substrate solution P (Cli) for both poinsettia and marigold (Fig. 2A, B and Tab. 1). The 
close correlation (r2 = 0.96) between the Cs and Cli  was exponential in the low range 
of Cs up to 20 mg P [L substrate]-1, thus the buffer power (b) decreased with 
increasing P level (Tab. 1) as it is well known for mineral soils (Hendriks et al., 1981). 
About 30% of the applied P was extracted by CAT and 4% of that was contained in 
the substrate solution at optimum P level, although the substrates contained 20% 
(v/v) of mineral component. Phosphorus sorption and desorption in the substrate was 
fast (Fig. 1). The concentration of P in the substrate solution (Cli) at optimum P level 
was 1.5 mg L-1 for both poinsettia and marigold, which was at least 5 times higher 
than the value (0.3 mg L-1) generally observed in most mineral soils (Barber, 1995). 
This high Cli was necessary to meet the demand of plant roots, since the b of 7-8 was 
very low (Tab. 1) compared to mineral soils, which normally have b in the range of 
100-2000 (Jungk and Claassen, 1997). However, it was in the range as reported for 
horticultural substrates (Khandan-Mirkohi and Schenk, 2008). The low b values show 
that the used mineral component had small P sorption capacity and P in the substrate 
was more mobile. 
Supplementary P application through fertigation increased the level of Cs with both 
poinsettia and marigold from planting until first harvest at low P levels, but not at high 
P levels (Fig. 2A, B). This reflected the balance sheet of fertigated P and P taken up 
(Tab. 4). Thus, the amount of fertigated P exceeded P uptake at two lower P levels, 
but plants suffered from P deficiency indicating that rather than the amount of P, the 
transport of P to the root surface limited growth at this stage. This was confirmed by 
simulated P depletion profiles at root surface (Fig. 8) where after two days of 
depletion, the concentration at root surface was below the assumed Km value (5 µM) 
and the concentration gradient was insufficient to match the demand. Obviously, the 
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well supplied plants needed a concentration gradient of about 30-40 µM to drive the 
necessary flux. This gradient could not be established at two lower P levels.  
The increase of Cs at the lower P levels from planting up to the first harvest was more 
pronounced with poinsettia than with marigold. This may be explained by the larger 
mean half distance between poinsettia roots and the comparatively small extension of 
P depletion zone (Fig. 6). Poinsettia roots exhausted about 10% of the substrate 
volume, but marigold exploited about 43% at 10 DAP. Thus, more of the fertigated P 
was accumulated in the non-exploited substrate with poinsettia leading to a more 
pronounced increase of Cs. Later during cultivation, mean half distance between roots 
decreased and the whole substrate volume could be exploited, so that no further 
increase of Cs could occur. This is completely different from the situation in the field, 
where plants acquire P from only a small part (less than 20%) of the soil volume 
(Jungk and Claassen, 1997; Claassen and Steingrobe, 1999).  
4.2. Plant growth and quality 
Optimum P level of both poinsettia and marigold was 35 mg [L substrate]-1 (Fig. 3; 
Tab. 5 and 6), which resulted in about the same P concentration in shoot dry matter 
(Fig. 4) suggesting that the utilization efficiency of both crops was the same. The 
critical P level of both crops was in the range as reported for other horticultural crops 
(Sanchez, 2007). Obviously, limiting P application rate to the optimum level did not 
reduce the growth and quality of both marigold and poinsettia. However, below the 
optimum P level the dry matter yield and whole plant quality and performance e.g. 
plant height of both crops was negatively affected (Tab. 5 and 6, photo 1). The 
reduced height of plant is a desirable quality aspect for ornamental crops (Borch et 
al., 2003). However, not only the plant height, but also all other quality parameters 
including plant diameter of the both crops reduced at low P availability. Thus, 
restricted P availability may not be recommended as a tool for the control of plant 
height.  
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Root length density (RLD) of poinsettia at both harvests was in the range as known 
for field grown crops in the upper soil layer (Schenk and Barber, 1980), whereas with 
marigold RLD was clearly higher. However, even the lower RLD of poinsettia was 
enough to exploit the whole pot volume, since the depletion zones of roots 
overlapped because of the low buffer power (Fig. 6).  
Root hairs were longer at low P supply with both poinsettia and marigold (Fig. 5B). 
Similarly, increased root hair length under P deficiency was observed with plants 
grown in both nutrient solution and soil for tomato, rape and spinach (Föhse and 
Jungk, 1983). The length of root hairs varies greatly within and between plant species 
(Hofer, 1996) and depends on supply of P, NO3 and Fe (Hoffmann and Jungk, 1995; 
Föhse and Jungk, 1983). However, not all plant species respond to nutrient deficiency 
with increased root hair length. Dechassa et al. (2003) observed no difference in root 
hair length in cabbage (Brassica oleraceae L. cv. Farao), carrot and potato cultivated 
in mineral soil at different P supply. Furthermore, it was reported that in mineral soil 
root hair growth may also be induced by water shortage (Reid and Bowen, 1979).  
The average root hair length was 0.23 and 0.38 mm for poinsettia and marigold, 
respectively. These values were in the range reported for many crops; the shortest 
being for onion (0.05 mm) and the longest (0.62 mm) for spinach (Föhse et al., 1991).  
Simulation of P uptake showed that the importance of root hairs for the predicted P 
uptake was higher at the low P levels for both crops (Fig. 7B). At the optimum P level 
root hairs increased predicted P uptake only by 10-20% over that of the root cylinder, 
since P buffering in the substrate was low (b= 8). Long root hairs are highly efficient to 
acquire P from mineral soil by extending the depletion zone (Föhse et al., 1991), 
since P is immobile due to high b. The low b of P in the peat-substrate led to a high 
effective diffusion coefficient (De). Therefore, P was considerably mobile in the peat-
substrate compared to mineral soil (Khandan-Mirkohi and Schenk, 2008) and longer 
root hairs of marigold were less important to extend the depletion zone for P 
acquisition. The effective diffusion coefficient (De) of P in the substrate was 
comparable with De of K in mineral soils (10-7 to 10-8 cm2 s-1, Khandan-Mirkohi and 
Schenk, 2008); therefore, the situation of P in the substrate is comparable with the 
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situation of K in mineral soil, where longer root hairs are insignificant for its depletion 
(Claassen and Steingrobe, 1999).  
4.3. Modeling of plant and substrate parameters 
The predicted P uptake with root cylinder plus root hairs reflected the observed P 
uptake fairly well (Fig. 7A); indicating that plant and substrate parameters involved in 
P uptake were well determined (Tab. 2), and that no additional mechanism of P 
mobilization was involved. However, a slight over prediction was observed at lower P 
levels for both poinsettia and marigold. Sensitivity analysis revealed that changing of 
Imax and Cmin did not change the prediction, but increasing Km by a factor of 1.2 (6 µM) 
and 2 (10 µM) reduced the overestimation close to 1:1 line at low P levels for both 
marigold and poinsettia, respectively. This indicates that both crops might have a 
higher Km value than assumed. The values 6 and 10 µM are in the range as known 
from other crops, e.g., for onion the value of 10.3 µM was determined (Deressa and 
Schenk, 2008).  
5. Conclusions 
The observed higher content of plant available P (Cs) in the substrate at optimum 
growth of poinsettia compared to marigold was attributed neither to the utilization 
efficiency nor to the uptake efficiency. Similar utilization efficiency was found for both 
crops at optimum P supply (Fig. 4) and the observed different root morphological 
parameters (higher RLD, longer root hairs, smaller root radius, and higher root: shoot 
ratio in case of marigold compared to poinsettia) did not contribute significantly to P 
uptake efficiency, since P mobility in the peat-substrate was high. However, after 
planting the low root length density (RLD) of poinsettia caused a larger mean half 
distance between roots (r1), which resulted in the accumulation of fertigated P to a 
higher level compared to that of marigold. Therefore, these two crops are not different 
in P efficiency. The observed higher P level for poinsettia at optimum growth was an 
artifact of the lower RLD after planting. 
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GENERAL DISCUSSION 
The mobility of P in peat-substrates compared to mineral soil, plant characteristics 
affecting P uptake, yield and quality production including adaptation of fertilization 
program are generally discussed in this section.  
1. Phosphorus mobility in the substrate 
The results revealed that P in peat-substrate was more mobile than that in mineral 
soil. Among two main driving forces for the movement of P through mineral soil 
(mass-flow and diffusion), diffusion has a key role for movement of this ion (Claassen 
and Steingrobe, 1999). In mineral soil less than 4% of P taken up by plants reaches 
the root by mass-flow. However, the contribution of mass-flow to P transport to root 
surface in the substrate was 20-60% at optimum P level of poinsettia and marigold 
(Fig. 1). This high contribution of mass-flow was mainly due to the higher substrate 
solution P concentration (Cli) which was observed in the peat-substrate (Tab. 1, page 
61). 
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Figure 1: Contribution of mass-flow and diffusion to P transport to root surface of (A) 
poinsettia and (B) marigold at first and second harvest 
1.1. Buffer power (b) 
The observed buffer power (b) in the peat-substrates was much lower than reported 
for mineral soils (Jungk and Claassen, 1997).  Buffer power is an indicator of P 
adsorption characteristics of soil which was influenced mainly by Fe and Al oxide 
content of mineral components, but not by their clay content (Fig. 6, page 30; Fig. 7, 
page 31).  
Buffer power was calculated as the ratio between available P in the substrate (Cs) 
and phosphorus concentration in the substrate solution (Cli) and a close relationship 
between Cs and Cli was observed in peat-substrate (Fig. 5, page 29; Fig. 2, page 69).  
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The observed Cli for optimum growth of poinsettia and marigold (48 µM) was almost 5 
times higher than the highest value (10 µM) commonly reported for mineral soils 
(Barber, 1995; Jungk and Claassen, 1997). Surprisingly, the Cli of 10 µM was not 
sufficient for optimum growth of poinsettia and marigold in the substrate (Fig. 8, page 
77), since the concentration gradient was not sufficient to meet the demand at this 
level of Cli. It was observed that the well supplied plants cultivated in peat-substrates 
needed a concentration gradient of around 40 µM to drive the necessary flux. The 
simulation approach revealed that such a high concentration gradient in the peat-
substrate was necessary because of very low b (=7) compared to that in mineral soil 
(b = 1000, Barber, 1995) (Tab. 1, page 61).  
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Figure 2: The change of depletion profile for P at root surface of poinsettia and 
marigold at optimum growth as affected by different buffer power (chosen data were 
taken from Tab. 3, page 67; simulation for two days uptake 10 DAP). 
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The highest b of 17 which was observed at optimum P in peat-substrate mixed with 
mineral components (Fig. 6, page 30) slightly changed the depletion profile and 
decreased the concentration gradient (30 µM), but still a huge difference was 
observed between peat-substrate and mineral soil. However, the depletion profile 
changed dramatically using b of 1000 which is generally observed in mineral soil and 
the concentration gradient (5-8 µM) became close to that normally expected for 
mineral soil (Barraclough, 1989; Barber, 1995).  
1.2. Impedance factor (f) 
1.2.1. Volumetric water content (θ) 
The observed impedance factor (f) for peat-substrate at volumetric water content (θ) 
of 0.4 cm3 cm-3 was significantly lower than that which was reported for mineral soil at 
the same θ (Barraclough and Tinker, 1981). At this level of θ, mineral soil is already 
saturated and most of the micro and macro pores are filled with water (Brady and 
Weil, 1999). The θ of 0.4 cm3 cm-3 is generally higher than the field capacity of 0.2-0.3 
cm3 cm-3 for sandy loam soil and clay loam soil, respectively (Jabro et al., 2008). On 
the other hand, it is noticeably lower than water capacity for peat-substrates (0.6-0.8 
cm3 cm-3; Bohne and Wrede, 2005). Peat-substrates are normally dry at θ of 0.4 cm3 
cm-3 and only small portion of macro pores are still filled with water (Naasz et al., 
2005) which also may not be assumed in the normal condition. Thus, for usual water 
content a similar f value of 0.2-0.3 could be assumed for soil/peat-substrate (Fig. 3, 
page 26; Barraclough and Tinker, 1981).  
The impedance factor increases, when θ is increased, since the liquid phase 
becomes more continuous and the diffusion path less tortuous (Warncke and Barber, 
1972a; Barraclough and Tinker, 1981; Bhadoria et al., 1991a). Similarly, for peat-
substrate without mineral component f increased with increasing of θ till 0.7 cm3 cm-3, 
however, a further increase of f with θ over 60% was not expected in the substrates 
mixed with mineral component, since it was already saturated at this level of water 
content.  
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1.2.2. Bulk density 
Adding mineral component to the black peat causes an increase of solids per unit 
volume and hence was expected to restrict physically the diffusion path. However, 
impedance factor (f) was not significantly affected by adding grind mineral component 
(Fig. 3, page 26). Macro and medium pores are the main portion of the pore space in 
peat-substrate which contains plant-available water (Bohne and Wrede, 2005) and 
this portion of pore space may not be affected with grind mineral components, and 
hence did not considerably change the total pore space of the substrate. Thus, the 
change of f by adding grind mineral components was not noticeable. Medium pores 
may be affected by granulated mineral components, which are the main commercial 
form used in the substrate industry. However, granulated mineral components could 
not be used for determination of f, due to some practical limitation e.g. well leveling of 
the soil/substrate surface (page 20) to avoid trapped air pockets in between exchange 
membrane and soil or substrate surface (Barraclough and Tinker, 1981).  
Similarly, small effect of bulk density on f was observed by So and Nye (1989), 
whereas decrease of f by increase of bulk density was reported by Bhadoria et al. 
(1991b) and Barraclough and Tinker (1981). They assumed more fine pores at the 
higher bulk density which led to a more tortuous pathway. On the other hand, an 
initial increase of f with increase of bulk density and then decrease of that with further 
increase of bulk density was reported at constant water content on weight basis (w/w) 
(Warncke and Barber, 1972b) which may be biased, since water content on weight 
basis leads to a variation in water content on the volumetric basis.  
1.3. Diffusion coefficient (De) 
Buffer power (b), impedance factor (f), and volumetric water content (θ) are the main 
factors affecting the effective diffusion coefficient (De) (Nye, 1979). The calculated De 
for P was considerably higher in peat-substrate than in mineral soil and it was 
comparable with De of K in mineral soil (Barber, 1995; Claassen and Steingrobe, 
1999). For the high De value, low b and high f, both are the main factors (Nye, 1979; 
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Barber, 1995). However, as already was discussed the f value was almost similar 
(0.2-0.3) in peat-substrates and mineral soil at normal conditions. Thus, the high De 
for P in peat-substrates was attributed mostly to the low b. 
The calculation of De for P, K and NO3 in peat-substrate and mineral soil revealed that 
obviously, De was increased in the same order in both mineral soil and peat-substrate 
for P< K< NO3 (Tab. 1). For K and NO3 almost the same De was observed for both 
media. Obviously, De for P in peat-substrate was higher than that in mineral soil. This 
was because, the b for P was considerably lower in peat-substrate compared to 
mineral soil, whereas the b for K and NO3 was almost the same for both media.  
 
Table 1: The diffusion coefficient of P, K, and NO3 in peat-substrate compared to 
mineral soil a 
  
Buffer power (b) b 
 
De b Nutrient 
 
DL b 
 Mineral soil  Peat-substrate  Mineral soil  Peat-substrate 
P  08.9  100-2000  1-17  10-8-10-11  10-7-10-8 
K  19.8  2-8  2-6  10-7-10-9  10-7 
NO3  19.2  0.2  0.5  10-6-10-7  10-6 
a
 Equation 1 (page 18) was used for calculation of De (cm2 s-1) 
b
 DL (×10-6,cm2 s-1), is diffusion coefficient of nutrients in water at 25 °C (Barber, 1995); De 
(cm2 s-1), is effective diffusion coefficient; For volumetric water content (θ) the values of 0.5 
and 0.2 cm3 cm-3, and  for f the values of 0.09 and 0.2 in peat-substrate and mineral soil was 
used for computations, respectively. For mineral soil f and θ was taken from Barraclough and 
Tinker (1981) and b was taken from Barber (1995) and Claassen and Steingrobe (1999). 
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2. P efficiency 
The variation in the ability of plants to tolerate P deficiency stress is a genetically 
based trait which often is termed P efficiency and can be distinguished in uptake and 
utilization efficiency.  
2.1. Uptake efficiency 
2.1.1. Root traits  
Clear differences in root morphological parameters were observed between poinsettia 
and marigold. Marigold had favorable root morphological parameters such as higher 
RLD, longer root hairs, higher root: shoot ratio, and smaller root radius compared to 
poinsettia. The favorable root morphology is important for efficient acquisition of P 
from soil. The RLD for marigold was higher compared to the range as known for field 
grown crops in the upper soil layer (Heins and Schenk, 1987; Schenk and Barber, 
1980), whereas with poinsettia RLD was in the range.  
The favorable root morphology is important in mineral soil to exploit more volume of 
soil, but in peat-substrate the whole volume of pot could be depleted after a given 
period due to high mobility of P in the substrate (Tab. 1). The depletion zones for P in 
peat-substrate were overlapping 50 and 20 days after planting (DAP) for poinsettia 
and marigold, respectively (Fig. 6, page 75). Even poinsettia which had a lower RLD 
was able to exploit the whole pot volume. In addition, the length of root hairs was not 
significant for extension of depletion zone for P in peat-substrate, since it was highly 
mobile; in contrast to mineral soil, where long root hairs are highly efficient to extend 
the depletion zone of P (Föhse et al., 1991; Bates and Lynch, 2001). For the same 
reason, mycorrhizae would not effectively contribute to P uptake from peat-substrate. 
However, the contribution of mycorrhizae to P uptake in mineral soil is generally 
reported. Additionally, mobilization of P was also insignificant in peat-substrate again 
due to its high mobility, in contrast to mineral soil where some root-mediated changes 
in the rhizosphere chemistry such as excretion of organic acids or protons could 
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increase the mobility and availability of P (Ryan et al., 2001; Dechassa and Schenk, 
2004). The mechanistic simulation model also confirmed that additional mechanisms 
of P mobilization and acquisition were not involved in P uptake, since P transport in 
peat-substrate and P uptake were well described without considering these 
processes (Fig. 7, page 76).  
2.1.2. Physiological uptake kinetics 
Root physiological properties are significant for K and NO3 acquisition in mineral soil, 
but not for phosphorus (P) (Claassen and Steingrobe, 1999). However, the mobility of 
P in peat-substrates is similar to the mobility of K in mineral soil (Khandan-Mirkohi 
and Schenk, 2008; Claassen and Steingrobe, 1999). Thus, root morphological 
characteristics are of minor importance for exhaustion of the substrate volume 
whereas physiological P uptake characteristics of plants may be significant for 
adaptation of nutrient supply to demand of crops. Maximum P uptake rate (Imax) was 
higher at early stages for both marigold and poinsettia than at later stages (Fig. 6, 
page 44). Because of this higher uptake rate at early stages a higher plant available P 
(Cs) was needed to match the demand of crops compared to the later stages. The 
calculated Cs values at early stages were 26 and 27.5 mg P [L substrate]-1 and 17.3 
and 12 mg P [L substrate]-1 at later stages for marigold and poinsettia, respectively 
(page 53).  
However, the experimentally observed Cs (11-12 mg [L substrate]-1) at planting for 
optimum growth and quality of marigold and poinsettia (Tab. 1, page 61) was lower 
than the theoretically calculated values of Cs at early stages (26 and 27.5 mg [L 
substrate]-1) (page 53). This was because the computed Imax for nutrient solution 
experiment was higher (Fig.6, page 46) than the highest uptake rate in peat-substrate 
(Tab. 2, page 66). Secondly, the observed uptake rate at optimum growth (3.1 and 
3.7 [µmol cm-2 s-1] ×10-7 for marigold and poinsettia, respectively) was just half the 
uptake rate at the highest P level. 
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2.2. Utilization efficiency 
At optimum P level the dry matter yield production per unit of P was similar for both 
poinsettia and marigold, since the P concentration in dry matter was about the same 
and in the range as reported for other horticultural crops (Sanchez, 2007). Thus, 
similar utilization efficiency was expected for these crops in peat-substrate. However, 
higher utilization efficiency was reported for some plant species and cultivars in 
mineral soil at low and sufficient P supply (Clark, 1983; Kochian et al., 2004; Akhtar et 
al., 2007). The higher ability of efficient plant to release the inorganic P from vacuole 
to the cytoplasm or low requirement for metabolic activities at cellular level were 
speculated as the reason for efficient utilization of P (Duff et al., 1994; Raghothama, 
1999). However, the mechanism for internal utilization efficiency is not yet clearly 
known.  
3. Available P concentrations for optimum growth and quality 
The optimum growth and quality of both representative ornamental crops (marigold 
and poinsettia) was observed at the same plant available P (Cs) of 11-12 mg [L 
substrate]-1 at planting (Tab. 1, page 61). This level of Cs was increased to 16 and 24 
mg [L substrate]-1 at later stages for marigold and poinsettia, respectively. The 
increase occurred, since more P was fertigated than was taken up by the plant and 
the volume of unexploited substrate was larger at early stages (57% and 90% for 
marigold and poinsettia, respectively) (Fig. 6, page 75). During early growth stage, 
the concentration gradient was only little decreased after 6 days of depletion (Fig. 3). 
However, during later growth stages the concentration gradient was reduced by half 
and even more within 6 days, since mean half distance between roots (r1) was 
decreased (Fig. 6, page 75) and hence the amount of Cs was limiting. Thus, to ensure 
a sufficiently high concentration gradient, P had to be supplemented by frequent 
fertigation at later stages but not in the early growing stage.  
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Figure 3: Depletion profile of P at optimum P application rate (35 mg [L substrate]-1) 
for poinsettia and marigold 10 DAP, and at first harvest (27 and 40 DAP for marigold 
and poinsettia, respectively); simulated for different depletion time; Data for modeling 
are given in table 2, page 66 and table 3, page 67). 
4. The effect of mineral component on plant available P (Cs) 
A completely different substrate solution P (Cli) and buffer power (b) was found in the 
substrates mixed with different mineral components at the same plant available P (Cs) 
(Fig. 5, page 29). To investigate the mobility of P at the same Cs (16 mg [L substrate]-
1
, extracted by CAT) P transport to plant was calculated by means of simulation 
model (NST 3.0) using the plant data given in table 2, page 66. In mineral component 
B, taken up P was considerably lower compared to the other mineral components, 
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which had lower b and higher Cli (Tab. 2). However, using the Cs of 40 which reflect 
about three-fold higher Cli and a relatively lower b led to the same amount of taken up 
P as was observed with other mineral components. This indicates that in the 
substrate with a high b value (min. component B), CAT-solution dissolves more P 
than that is really available for the plants compared to the other substrates with a low 
b and high Cli.  
Table 2: The change of P uptake for poinsettia and marigold as related to different 
substrate solution P (Cli) and buffer power (b) which reflected the same CAT-soluble 
P (16 mg [L substrate]-1) in the substrate with different mineral component  
 Substrate parameters  Taken up P (µmol plant-1) 
Substrate components 
 
Cli (µM)  b  Poinsettia  Marigold 
BP+Min. component B  35  17.00  61.1  44.7 
BP+Min. component B a 
 100  13.25  81.1  60.2 
BP+Min. component C  150  3.55  82.8  60.5 
BP+Min. component D  170  3.02  83.5  61.0 
BP+Min. component F  230  2.24  84.7  62.5 
BP+Min. component G  270  1.93  85.2  63.2 
BP+Min. component E  470  1.11  86.4  64.7 
BP+Min. component A  540  0.96  86.6  64.9 
Black peat (BP)  600  0.86  86.7  65.1 
a
 CAT-soluble P of 40 mg (L substrate)-1  
Consequently, an extraction procedure which could reflect more closely the Cli rather 
than b is recommended for a better description of P availability in the substrate, 
especially when a mineral component with a high P sorption capacity is used. Since 
CAT is already a weak extraction solution, in fact water with regard to P, it might be 
useful to examine the decrease of the ratio between fresh peat-substrate to CAT-
solution rather than looking for the other extraction procedure. Generally, the ratio of 
1: 8 is used nowadays, but the ratio of 1: 4 or 1: 2 could be potentially examined for 
this purpose.  
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SUMMARY 
The mobility of nutrients in peat- substrates were investigated, since little information 
was available. Also, little information was available for P efficiency of ornamental 
crops cultivated on peat-substrates. Thus, a series of studies aimed at a) 
investigating the dynamics of P in peat-substrates as well as the parameters involved 
in P transport to plant roots, b) characterizing the uptake kinetics of P at different 
plant ages and fluctuating environmental conditions, c) evaluating factors contributing 
to P efficiency of marigold (Tagetes patula) and poinsettia (Euphorbia pulcherima) as 
representative ornamental plants in peat-substrate.  
 
a) The impedance factor (f) and buffer power are the main parameters affecting 
effective diffusion coefficient (De) and thus the mobility of P in mineral soil and peat-
substrate.  
- Similar impedance factor (f) was observed at water holding capacity of peat-
substrate and at field capacity of mineral soil 
- Impedance factor increased with volumetric water content (θ), but bulk density 
had no effect on that  
- Solution P concentration (Cli) at optimum P level was in magnitude higher in 
peat-substrate compared to mineral soil. 
- Buffer power (b) was two orders of magnitude lower in peat-substrate 
compared to mineral soil. 
- The b in peat-substrate depended on the used mineral component. It was 
positively correlated with oxalate-soluble Fe and Al in the substrate rather than 
the clay content.  
- Thus, the calculated De for P in peat-substrate was at least 10 times higher 
than De in mineral soils. 
- The higher value of De in the substrate indicates that P in the substrate was 
more available for plants than in mineral soils. 
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b) Due to high mobility of P in peat-substrate, the modification in root morphology and 
exudation of P mobilizing compounds were not expected to be significant on 
mobilizing and enhancement of P solubilization. However, adjustment of uptake 
physiology (maximum uptake rate, Imax; Michaelis constant, Km; and minimum nutrient 
concentration, Cmin) might be an important factor affecting P uptake in these 
substrates.  
- A close correlation between relative growth rate (RGR) and Imax was observed 
with both poinsettia and marigold over all treatments. 
- Marigold had higher RGR compared to poinsettia. RGR declined with plant age 
for both crops. Lower air temperature reduced the RGR of poinsettia, but not of 
marigold. However, the lower light intensity reduced RGR of marigold while it 
had no effect on RGR of poinsettia. The short photoperiod reduced RGR of 
poinsettia. 
- Imax decreased with plant age and with decrease of air temperature for both 
poinsettia and marigold; however it was independent of light intensity.  
- Imax of poinsettia was lower at short photoperiod than that at long photoperiod. 
- The Km and Cmin was affected neither by plant age nor by air temperature, light 
intensity and day length. 
- Marigold had clearly lower Km and Cmin, but higher Imax than poinsettia at all 
treatments.  
- The calculated Cs to meet the demand of both crops was not much different 
and did not change under fluctuating environmental conditions, but it was 
clearly reduced with developmental stage of both crops. 
- Thus, the need for Cs at early stage was higher than that at later stages for 
both crops, since the uptake rate of P was significantly higher at early stages 
compared to the later stages. 
 
c) Marigold and poinsettia as representative ornamental crops had different P uptake 
rate, thus their response to different P availability in peat-substrate was evaluated. 
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- The optimum yield and quality of both crops were attained at P application rate 
of 35 mg [L substrate]-1.  
- Marigold had almost double root length density (RLD), root: shoot ratio and 
root hair length compared to that of poinsettia. Thus, marigold exhausted 43% 
of the substrate volume at early stage, whereas poinsettia exploited only 10% 
of that. However, the depletion zones around roots overlapped for both crops 
later during cultivation.  
- Balance sheet calculations for early stage of growth indicated that below 
optimum fertigated P met P uptake of both crops fairly well in these treatments 
whereas the P level more P was supplied than was taken up by plants. 
- Thus, the Cs increased to a higher level for poinsettia compared to marigold 
due to its lower RLD, which led to accumulation of more fertigated P during 
early stages of cultivation. 
-  The critical level of P in shoot dry matter of both marigold and poinsettia was 
the same indicating that both crops had similar utilization efficiency. 
- The observed difference of root morphological parameters did not contribute 
significantly to P uptake efficiency, since P mobility in the peat-substrate was 
high. 
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